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SYNOPSIS 


These minimum standard requirements for precast concrete floor units are 
to be used as supplements to the ACI “Building Code Requirements for Rein- 
forced Concrete (ACI 318-51).”’ These standard requirements cover five dif- 
ferent types of precast concrete floor units: (1) I-beam type, with either cast- 
in-place or precast slab; (2) hollow core type; (3) assembled concrete block 
type; (4) precast inverted T-beam joist with precast filler block between; and 
(5) integrally precast slab and T-joist. An appendix contains applicable sec- 
tions of the ACI Code (ACI 318-51). 


GENERAL 
10. Scope or limits 
(a) These minimum standard requirements for precast concrete floor units 
are to be used as a supplement to the ACI “Building Regulations for Rein- 
forced Concrete” (ACI 318-51).f 


(b) Floor units are to be designed for strength in accordance with standard 
reinforced concrete theory and as set forth in ACI 318-51 except that require- 
ments for concrete protection for reinforcement, anchorage, and placing of 
reinforcement may be modified as in Sections 11-and 12 for units made by 
factory methods and under factory control. 


(c) Section 103(a), ACI 318-51,t recognizes and makes provision for special 
systems of reinforced concrete. Most precast floor and roof systems will, 
when first introduced, be considered special, and are not disapproved by this 
standard mer:ly because they have not been included herein. With reference 


*Adopted as a Standard of the American Concrete Institute at its 49th annual convention, Feb. 17, 1953, as 
reported by Commitee 711; ratified by letter ballot May 27, 1953. ACI 711-53 supersedes ACI 711-46 published 
Oct. 1946 

Title No. 50-1 is a part of copyrighted JournNAL oF THE AMERICAN Concrete INstITUTE, V. 25, No. 1, Sept. 
1953, Proceedings V. 50. Separate prints in covers are available at 50 cents each. Discussion (copies in triplicate) 
should reach the Ins‘itute not later than Jan. 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

+Reference is hereafter referred to as ACI 318-51. 

}See appendix her-to. 
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to such unincluded systems, the provisions of Section 103(a), ACI 318-51,* 
may be invoked where thought necessary, by the manufacturer, architect, 
engineer, building commissioner, builder or owner, wherever this standard is 
silent. 


(d) Precast concrete floor units are at present manufactured in five different 
types, one of which subdivides into two systems of manufacture and assembly. 


. I-beam type, with either cast-in-place or precast slab (Fig. 1). 
. Hollow core type (Fig. 5). 
. Assembled concrete block type: 


a. With contact faces between units ground to provide uniform bearing 
between units and to provide a slight camber to the assembly (Fig. 6). 

b. With contact faces parallel, but with a tension in the lower moment 
bars sufficient to align and hold the assembly together and to provide 
slight camber (Fig. 7). 


. Precast inverted T-beam joist with precast filler block between (Fig. 8 and 
9). 


5. Integrally precast slab and T-joist (Fig. 10). 


11. Concrete protection for reinforcement 


(a) Precast floor and roof units made of high quality factory controlled 
concrete may, when used in locations protected from the weather or moisture 
and with minimum fire hazards, be approved with 5%-in. concrete cover for 
the reinforcing, provided however, that the concrete cover in all cases shall 
be at least equal to the diameter of round bars and one and one-half times 
the side dimension of square bars, and provided that to insure exact final 
location of the steel, positive and rigid devices for that purpose are employed 
in the manufacturing process. When the precast members are exposed to 
weather, moisture, or fire hazard the protective cover shall be increased to 
conform with Section 507, ACI 318-51.* 


12. Moment bar spacing 


(a) When the reinforcement for precast joists consists of an upper and a 
lower chord with properly designed web reinforcement welded thereto, and 
with a vertical bar connecting the chords welded to them at their ends, the 
anchorage requirements of ACI 318-51 (Section 505) may be waived, pro- 
vided that the members are made under factory controlled conditions in 
which the concrete is vibrated or forced into place under pressure and pro- 
vided that the spacing is not less than one-half the maximum size of the 
coarse aggregate, and that the bond stress allowed by ACI 318-51 is not ex- 
ceeded when computed by the formula: 


V 
ees 
34 = ojd 


*See appendix hereto. 
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MATERIALS 
20. Cement 


(a) High early strength concrete as produced with Type III portland 
cement or with Type I portland cement and accelerated curing is recom- 
mended. Portland cement shall conform to the “Standard Specifications 
for Portland Cement” (ASTM Serial Designation: C 150-52) and shall be 
Type I or Type III. 

21. Aggregate 

(a) Concrete aggregates shall conform to the ‘Standard Specifications for 
Concrete Aggregates” (ASTM Serial Designation: C 33-52T), provided, how- 
ever, that aggregates which have been shown by test or actual service to 
produce concrete of the required strength, durability, watertightness, fire- 
resistance, and wearing qualities may be used under Section 302(a) Method 2, 
ACI 318-51* where authorized by the Commissioner of Buildings. 

(b) The maximum size of the aggregate for precast joist shall not be larger 
than one-third of the narrowest dimension between sides of the forms of the 
member in which the unit is cast nor larger than three-fourths of the minimum 
clear spacing between reinforcing bars and sides of the forms except that 
where the concrfete is placed by means of high frequency vibration the maxi- 
mum size of the aggregate shall not be larger than one-half the narrowest 
dimension between sides of the forms. 

(c) Aggregate for floor slabs shall conform to Section 21(a) and in addition 
the combined aggregate shall be so graded from fine to coarse that not less 
than one-half nor more than two-thirds by weight of the total, based on dry 
materials, is retained on the No. 4 standard sieve, except that these propor- 
tions do not necessarily apply to lightweight aggregates. The maximum 
size shall not exceed one-third the thickness of the slab. . 

22. Steel 

(a) In the unprestressed types, the steel in the joist or floor units shall con- 
form to the specifications outlined in ACI 318-51, Section 207. 

(b) Prestressed steel may be used in any of the types mentioned in Section 
10(d). When used and where such theory is applicable, computations for 
moments due to prestressing, shears, and resultant stresses due to moments 
and shears shall be computed in accord with the theory outlined in Peabody’s 
Reinforced Concrete Structures, Second Edition; Herman Schorer’s “Prestressed 
Concrete, Design Principles and Reinforcing Units,’ ACI JourNnat, June, 
1943, Proc. V. 39; Herman Schorer’s article in Reinforced Concrete, No. 6, 
Portland Cement Assn.; Magnel’s Prestressed Concrete, or any comparable 
treatise on the subject. 

23. Strength of concrete 

(a) Concrete for floor units made of sand and gravel, crushed stone, slag 
or other heavy aggregate and of a span of 12 ft or more shall have a com- 
pressive strength of not less than 3750 psi at 28 days when tested in accord- 
ance with the applicable current standards of the ASTM. 


*See appendix hereto. 
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(b) For roof slabs or for floor units made of lightweight aggregate lower 
compressive strengths may be permitted where the unit stresses used in 
design for strength and bond will satisfy the requirements of Section 24(a) 
of this standard. 


24. Unit stresses in concrete and reinforcement 

(a) The allowable design stresses in the concrete shall conform to the re- 
quirements set forth in Section 305(a) and Table 305(a), ACI 318-51.* 

(b) The allowable stresses in the steel shall conform to the requirements 
set forth in Section 306(a) and 306(b), ACI 318-51.* 


MANUFACTURE 
30. Workmanship 


(a) The finished product shall be free of honeycomb or rock pockets. 
The mix, gradation of the aggregate, and workability shall be such as to 
insure complete filling of the form and continuous intimate bond between 
the concrete and all steel. To assist in attaining the latter, vibration is recom- 
mended, but any method which will meet the stated requirements and with 
the strength as required in unit beams or slabs or in the finished floor, is 
acceptable. 


(b) Handling and conveying before curing shall be reduced to a minimum. 
Machinery for this purpose should be so designed that the unit will not be 
subject to bending or shock which will produce incipient cracks, broken 
edges or corners. 


31. Curing 

(a) The minimum amount of curing of precast units shall consist in keep- 
ing the concrete moist for at least 7 days, if made of normal portland cement 
and for at least 3 days if made of high early strength cement. For each 
decrement of 5 degrees below 70 F in the average curing temperature these 
curing periods shall be increased by four days for units made of normal port- 
land cement and by two days for units made of high early strength cement. 


See Table 1. The average curing temperature in no case shall be less than 
50 F. 


TABLE 1 (Sec. 31a)—MINIMUM CURING TIME IN DAYS IN MOIST ATMOSPHERE 





Temperature, degrees F 








Cement 60 | 55 








Normal portland............. | 15 [ 19 


High early strength 7 | 9 11 





(b) Curing by high pressure steam, steam vapor, or other accepted processes 
may be employed to accelerate the hardening of the concrete and to reduce 
the time of curing provided, however, the compressive strength of the con- 

*See appendix hereto. 
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crete is at least equal to that obtained with the curing specified in Section 
31(a) and that the 28-day strength meets the requirements of Section 23. 
32. Identification and marking 

(a) All joist, beams, girders, and other floor units shall show some mark 
plainly indicating the top of the unit and the size of the bending moment 
reinforcement. This mark or symbol shall indicate the length, size, and type 


of reinforcing and carrying capacity of the unit, and shall be shown on the 
placing plans. 


33. Transportation 

(a) After curing, units shall be so stored, stacked, loaded and transported, 
unloaded and placed, that no transverse or longitudinal cracks will develop. 
Adequate instructions should be given to handlers and insofar as possible, 
only experienced men should be put in charge of this phase of the work. 

(6) To insure the eventual placement of the units in the structure without 
cracks, the handling, whether manually or in slings or cradles, shall be done 
in such a manner that bending about either the vertical or horizontal axis of 
the cross section will be reduced to a minimum. 


TESTS 
40. Beams and floors 


(a) Where the individual unit is tested as a simple beam, it shall sustain 
without complete failure,* a uniformly distributed load of at least 2.25 times 


the design live load based on allowable stresses in bending moment and shear 
as given in Section and Table 305(a) and Section 306(a), ACI 318-51.t 

(b) When field tests{ are made they shall be made as required by and shall 
meet the requirements of Section 202, ACI 318-51,f making use of notation 
used in Section 200, ACI 318-51.7 


1-BEAM TYPE JOISTS 
50. Definitions 


(a) Floors made of precast joists mortised or embedded into a mono- 
lithic floor placed or poured on the job, producing a T-beam are called pre- 
cast joist cast-in-place concrete slab floors, and the resisting moment may be 
computed as if the joist and slab form a T-beam. See Section 54. 


(b) Floors made of precast joists over which precast slabs are laid and 
bonded to produce T-beam action are called precast joist and slab concrete 
floors. 


(c) Floors made of precast joists over which precast slabs are laid for floor- 
ing and not bonded to the joist to produce T-beam action are called independent 
precast joist and slab concrete floors. 


(d) Floors made of concrete block are called precast hollow block, plank, 
slab, or joist floors. 


*Failure in Section 40 is defined as any behavior of the beam under load which indicates that the yield point of 
the steel has been exceeded, or that cracking of the concrete is such that it would not be permitted in a structure 
in regular service. 

+See appendix hereto. 

tIn this Standard, a field test is a test made on a floor or roof area in place in a structure. 
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Fig. 1—Typical sections for 
I-beam type joist 



















































































Fig. 2—Note: The mortise shall be Imbedment 
not less than 4 in. not less than 


(e) Floors made of inverted T-joist with hollow filler block between them 
are called T-joist filler block floors. 


(f) Floors in which the joist and slab are cast integrally are called integrally 
precast slab and T-joist floors or roofs. 


51. Sections 


(a) The most commonly made joists of I-beam section are as shown in 
Fig. 1. Other sizes and shapes meeting the regulations of ACI 318-51 as to 
resistance to bending moment, shear, deflection, and bearing, may be used. 

(b) Since the resistance to shear and bending moment are based on nominal 
dimensions as well as on area of the steel and allowable stresses in concrete 
and steel, the following tolerances shall not be exceeded: plus or minus 4 
in. as to width and height, and plus or minus 1% in. as to length. 


52. Floor slab thickness 


(a) The recommended minimum thickness of cast-in-place reinforced con- 
crete floor slabs with joist heads embedded not less than 1% in. and with joist 
spacing less than 30 in., is 2 in. (Fig. 2). For joist spacing of 30 to 36 in. the 
minimum thickness of slab concrete floors should be 244 in. Greater thick- 
ness may be required where unusual loads or spans are encountered. The 
required thickness of slabs spanning more than 36 in. shall be determined by 
accepted design methods. 

(b) The recommended minimum thickness of precast slab to be used with 
precast joists is 2 in. with joist spacing up to 30 in. and 2) in. with joist spac- 
ing from 30 in. to 36 in. In the case of slabs of ribbed- or channel-section, the 
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Fig. 3—Typical details of joist 
hangers for 8-in. joist 




















(a) 


Weld-cont. bead 
on outside seam 














(b) 


a 


Made from Va'steel flats = 


Fig. 4—Tension bar hanger inserted in joist as cast 


thickness requirement applies to the portion thereof containing the tensile 
reinforcement. " 


53. Extra or concentrated loads 

(a) Where the floor supports partition walls parallel to the joist or where 
loads heavier than the uniform load for which the floor is designed are known 
to be expected, joists may be placed side by side, with flanges touching, but 
under such conditions the joists and cast-in-place floor slabs are not to be 
considered as a T-beam unless the shear reinforcing loops in the joists extend 
into the slab. 

(b) Where multiple joists are used, their strength shall be at least that of a 
single beam, multiplied by the number used. 
54. Design 

(a) Floors laid as. defined in 50(a) and 50(b) of these standards may be 
designed as T-beams, where joists are supported at sufficient intervals to 
take out the sag while the cast-in-place or precast slab is being laid, the support 
being left in place until the concrete has hardened. Under this condition the 
dead load is considered to be the weight of the floor per joist plus the weight of 
the joist.* 

(b) The resistance to longitudinal shear between floor and joist where 
the joists are embedded 1% in. may be taken as equal to the allowable shear 


*For further details as to design for Type 1 joists, the Portland Cement Assn. pamphlet ‘‘How to Design and 
Build Precast Joist Concrete Floors” is at present the most complete treatise. 
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stress for beams with no web reinforcement (Table 305(a), ACI 318-51).* 


(c) Where ends of joists cannot be rested on walls, as at stair wells, etc., 
metal joist hangers made as in Fig. 3 may be used to provide end support, 
or a preformed tension bar hanger may be inserted in the joist at the time of 
casting (Fig. 4). 

55. Holes in web 

(a) Because they reduce the shearing resistance, holes in the web shall be 
reduced to a minimum. Where found necessary they should be located as 
near the center of the beam as possible or at location of minimum shear. 
They shall be cast when the beam is made or drilled on the job (not punched) 
and be not more than 2 in. in diameter. No holes should be made by any 
mechanic on a job except after approval by and under the supervision of the 
architect or engineer. 


56. Installation and construction details 

(a) On every job there will be a need for a joist setting plan, prepared by 
an architect or an engineer and approved by the manufacturer. Only in this 
way will the owner be assured of unquestionable results. Stresses based on 
maximum strength of the materials used shall be as provided in Section 305(a) 
and Table 305(a), ACI 318-51,* and shall be given the architect or engineer 
by the manufacturer. Shears and bending moments will be properly taken 
into account by the architect or engineer and accepted by the manufacturer. f 


(b) There is a need for standardization of many installation and construc- 


tion details. This does not mean that innovations should be prohibited or 
frowned upon, but rather that an acceptable practice in handling and setting, 
leveling, shoring of joists, placing forms for floors, reinforcement for floors, 
conduits, bulkheads, stairwells, partition bearing joist, etc., should be approved 
by the architect, engineer, and manufacturer and the building contractor 
informed thereof by properly drawn plans and through the supervision of the 
architect or engineer. 


57. Distance between lateral supports 


(a) The clear distance between lateral supports of a beam shall not exceed 
32 times the width of the compression flange. 


HOLLOW CORE TYPE JOISTS 

60. Definitions 

(a) Floors made of precast concrete units in which some portion of the 
cross section between top, bottom, and sides is left out at the time of casting 
for purposes of reducing dead load and quantity of material used in their 
manufacture are called hollow-core-precast floors. 
61. Sections 

(a) Sections of hollow units as shown in Fig. 5 are acceptable. 

*See appendix hereto. 

tThe manufacturer’s supervision over the placing of the reinforcement and over the factory treatment of the 


joist from planning the mixture to delivery on the job will be stricter where he is provided with data on the maxi- 
mum shear and bending moment stresses as computed by the architect or engineer. 
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Fig. 5—Typical details for 6-in. 
section hollow core type joist 












































(6) Any other sections which will provide proper protection for the steel 
reinforcement, and strength sufficient for handling and for carrying the loads 
for which they are designed and which meet all other requirements of this 
report will be acceptable, provided the computations for carrying capacity 
have been verified by test conducted by a recognized testing laboratory or 
by persons acceptable to the Building Commissioner. 


62. Design 
(a) Resisting moments and shear resistance of hollow core units shall be 
computed by the standard formulas and methods. Allowable unit stresses in 


concrete shall conform to the requirements of Section 305(a) and Table 305(a), 
ACI 318-51.* 


(b) The allowable stresses in the steel shall conform to the requirements 
set forth in Section 306(a) and 306(b), ACI 318-51.* 


63. Special conditions—openings known in advance of construction 

(a) At stairways or other openings when no wall or girder bearing is avail- 
able for one end of a floor unit, the long dimension of the opening shall be 
parallel to the length of the unit. Specially designed reinforced headers or 
curbs at the short side of such openings shall transfer their dead and live load 
to the longitudinal units on the side of the opening by devices or means satis- 
factory to the architect or engineer. Units adjacent to the side of such open- 
~ Bee appendix hereto. 
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ings shall be designed to carry the reaction of the headers in addition to their 
own specified dead and live load. 


(b) The requirements of unusual conditions, such as those outlined in 
63(a) or others, often may be met by making use of special units, some of 
which are wider than the standard, some deeper and some more heavily 
reinforced. 


(c) Holes in the bottom or ceiling sides of units, for conduit or for hangers 
should be located below the hollow portion of the unit and should be cast 
at the time of manufacture or drilled under the supervision of the architect 
or engineer. 


(d) Channeling in the top or floor side, except over the support is not 
permissible and channels placed over the supports shall not increase the 
shear stress to values greater than that allowable in this standard. 


(e) Cutting of reinforcement for installation of pipes or conduit is per- 
mitted only upon approval of the architect or engineer and only after satis- 
fying requirements specified in Section 64(a), (b) and (c). 

64. Cutting of holes and channels 

(a) No openings or channels not provided for in the structural design 
shall be made on the job without the specific approval of the engineer and 
in accord with his written, detailed instructions covering such work. 


(b) In some cases the section of and reinforcement in the adjacent beam 
are such that when the span is taken into consideration the resistance to 
bending moment and shear is greater than that required by the live and dead 
loads called for by the building code or specifications. In such a case holes 
may be cut and curbed providing it is done in a manner to insure that the 
stresses on the transversely cut units will be transferred through the curb 
or longitudinal key to the adjoining units. In general, such cutting should 
be located near the quarter point of the span. 

(c) Where holes are cut, the load normally carried by the cut units, and 
by the cutting transferred laterally to adjacent units may be considered to 
be uniformly distributed laterally for three units one foot wide on either side. 
With such assumption the computed stresses in the concrete may not exceed 
0.45 f’. nor in any case 1500 psi compression; 0.03 f’, with a maximum allow- 
able unit stress of 113 psi in shear for units without stirrups; or 20,000 psi- 
tension in the reinforcing steel. 

(d) Holes in the bottom or ceiling side for conduit or for hangers should 
be below the hollow portion of the unit; should not be less than 134 in. from 
the longitudinal reinforcement, and may be either cast at the time of manu- 
facture or drilled under the supervision of the architect or engineer. Hangers 
may be placed in the joints between the units before they are grouted. 

(e) There shall be no channeling in the top or floor side except over the 
support. Channels cut over the supports are permissible only when they do 
not increase the shear stress to values greater than that allowable in this 
standard, and must be approved by the architect or engineer. 
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(f) Cutting of reinforcement for installation of pipes or conduit is per- 
missible only with approval of the architect or engineer and only after satis- 
fying requirements specified in Section 64 (a), (b) and (c). 


65. Installation and construction details 

(a) An erection or unit setting plan shall be prepared by the manufacturer 
or his engineers for each job. To provide properly for shear and bending 
moment stresses, the plan shall indicate all openings, stairways, etc., together 
with the location of points, if any, where loads are in excess of the general 
floor loading. 


. ASSEMBLED CONCRETE BLOCK TYPE 
70. Definitions 


(a) Floors made of an assembly of concrete block are called precast hollow 
block plank, slab, or joist floors. See types 3a, Fig. 6, and 3b, Fig. 7. 


Fig. 6—Type 3a floor and roof 
system. A—Modular surfaces. 
B—Tongue-and-groove interlocks 
beams, distributes load and aligns 
floor surface. C—Openings in 
block reduce weight and provide 
space for utilities. D—Recessed 
channels space and anchor re- 
inforcement. E—Reinforcing bars 
in place 
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T-BEAM TYPE 
80. Definitions 


(a) Floors made of inverted T-joists with hollow filler block between them 
are called T-joist filler block floors. See types 4a, Fig. 8, and 4b, Fig. 9. 
(Dimensions given are typical only.) 


Fig. 8—Type 4a. a—3000 psi 
concrete topping, 2-in. minimum 
thickness. b—Finish floor surface. 
c—3 x Y%-in. keys, 6 in. on cen- 
ters. d—Mesh or bar reinforce- 
ment. e—Filler block, 6, 8 or 10 
in. f—Joist, 6, 8 or 10 im and 
24 in. on centers. g—Ceiling 
finish. h—Reinforcing bars and 
stirrups 
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RIBBED SLAB TYPE 
90. Definitions 


(a) Floors in which the joist and slab are cast integrally are called in- 
tegrally precast slab and T-joist floors or roofs. See type 5, Fig. 10. (Di- 
mensions given are typical only.) 
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Fig. 10—Type 5. Cross section of integrally precast slab and T-joist 
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APPENDIX 
(Excerpts from Building Code Requirements for Reinforced Concrete—ACl 318-51) 


103—Special systems of reinforced concrete 

(a) The sponsors of any system of reinforced concrete which has been in successful use, 
or the adequacy of which has been shown by test, and the design of which is either in conflict 
with, or not covered by this code shall have the right to present the data on which their design 
is based to a “Board of Examiners for Special Construction” appointed by the Commissioner 
of Buildings. This Board shall be composed of competent engineers, architects and builders, 
and shall have the authority to investigate the data so submitted and to formulate rules 
governing the design and construction of such systems. These rules when approved by the 
Commissioner of Buildings shall be of the same force and effect as the provisions of this code. 


200—Notation 


D = Deflection of a floor member under load test, relative to the ends of the span L. 
L = Span of member under load test (the shorter span of flat slabs and of floors supported 
on four sides). 
t = The total thickness or depth of a member under load test. 


202—Load tests 


(a) When a load test is required, the member or portion of the structure under considera- 
tion shall be subject to a superimposed load equal to two times the live load plus one-half of 
the dead load. This load shall be left in position for a period of 24 hours before removal. If, 
during the test, or upon removal of the load, the member or portion of the structure shows 
evident failure, such changes or modifications as are necessary to make the structure adequate 
for the rated capacity shall be made; or else, where lawful, a lower rating may be established. 
The structure shall be considered to have passed the test if the maximum deflection at the 
end of the 24-hour period does not exceed the value of D as given in the following formula: 


in which all terms are expressed in the same units. 

(b) If the deflection exceeds the value of D as given in formula (1), the construction shall 
be considered to have passed the test if within 24 hours after the removal of the load the 
residual deflection does not exceed either 40 percent of the maximum deflection observed under 
load or 60 percent of that given by formula (1). Under no circumstances will the construction 
be considered acceptable if the deflection under load exceeds three times that given by the 
formula. 


302—Methods for determining strength of concrete 

(a) The determination of the proportions of cement, aggregate and water to attain the 
required strengths shall be made by one of the following methods: 
Method 1—Concrete made from average materials: 


When no preliminary tests of the materials to be used are made, the water content per 
sack of cement shall not exceed the values in Table 302(a). Method 2 shall be employed when 
artificial aggregates or admixtures are used. 


TABLE 302(a)—ASSUMED STRENGTH OF CONCRETE MIXTURES 





per 94-lb' sack of cement 


Water content, U. S. gallons | Assumed compressive strength 


at 28 days, psi 





7h 
634 


2000 
6 | 


2500 


3000 
5 3750 





Note—In interpreting this table, surface water carried by the aggregate must be included as part of the mixing 
water in computing the water content. 
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Method 2—Controlled concrete: 


Water content other than shown in Table 302(a) may be used provided that the strength- 
quality of the concrete proposed for use in the structure shall be established by tests which 
shall be made in advance of the beginning of operations, using the consistencies suitable for 
the work and in accordance with the “Standard Method of Making and Curing Concrete 
Compression and Flexure Test Specimens in the Laboratory” (ASTM Designation: C 192) 
and with the “Standard Method of Test for Compressive Strength of Molded Concrete Cylin- 
ders” (ASTM Designation: C 39). A curve representing the relation between the water 
content and the average 28-day compressive strength or earlier strength at which the concrete 
is to receive its full working load, shall be established for a range of values including all the 
compressive strengths called for on the plans. 

The curve shall be established by at least three points, each point representing average 
values from at least four test specimens. The maximum allowable water content for the 
concrete for the structure shall be as determined from this curve and shall correspond to a 
strength which is 15 percent greater than that called for on the plans. No substitutions shall 
be made in the materials used on the work without additional tests in accordance herewith 
to show that the quality of the concrete is satisfactory. 


305—Allowable unit stresses in concrete 


(a) The unit stresses in pounds per square inch on concrete to be used in the design shall 
not exceed the values of Table 305(a) where f’. equals the minimum specified compressive 


TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE 





| Allowable unit stresses 





For any 
strength of For strength of concrete shown below 
concrete in 
Description accordance 
| with Section 
Ba S00 | 2500 | S000 | S550 
‘ 25 3 
a = en psi psi psi psi 
f'e n=12in=10j;n =8 














Flexure: fe : 
Extreme fiber stress in compression. . fe 0.45 fc | 900 112% 1350 1688 
Extreme fiber stress in tension in plain 
| 
| 


concrete footings te 0.03f'e 60 90 113 





Shear: » (as a measure of diagonal tension) 
Beams with no web reinforcement 
Beams with properly designed web 
reinforcement 
*Flat slabs at distance d from edge of 


0.03f'e | | 60 9 | 113 
0.127’. | 240 | 360 | 450 


column capital or drop panel 0.03f'e 60 


**F ootings 0.03f'. 75 





| 





Bond: u | | 
Deformed bars 
Top barst 

In 2-way footings (except top bars)... } 

All others . 


Plain bars (must be hooked) 
Top bars 


In 2-way footings (except top bars) ... 
All others 


500 625 750 938 
750 938 1125 1405 


On full area Se 
On one-third area or lesst fe 





| 
Bearing: fe es | 











*See Section 807. **See Sections 905(a) and 808(a). 

+Top bars are horizontal bars so placed that more than 12 in. of concrete is cast in the member below the bar. 

tThe allowable bearing stress on an area greater than one-third but less than the fuil area shall be interpolated 
between the values given. 
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strength at 28 days, or at the earlier age at which the concrete may be expected to receive 
its full load. 


306—Allowable unit stresses in reinforcement 


Unless otherwise provided in this Code, steel for concrete reinforcement shall not be stressed 
in excess of the following limits: 


(a) Tension 


(f. = Tensile unit stress in longitudinal reinforcement) 
and (f, = Tensile unit stress in web reinforcement) 


20,000 psi for Rail-Steel Concrete Reinforcement Bars, Billet-Steel Concrete Reinforce- 
ment Bars of intermediate and hard grades, Axle-Steel Concrete Reinforcement Bars of 
intermediate and hard grades, and Cold-Drawn Steel Wire for Concrete Reinforcement. 

18,000 psi for Billet-Steel Concrete Reinforcement Bars of structural grade, and Axle- 
Steel Concrete Reinforcement Bars of structural grade. 


(b) Tension in one-way slabs of not more than 12-ft span 
(f. = Tensile unit stress in main reinforcement). 


For the main reinforcement, 34 in. or less in diameter, in one-way slabs, 50 percent of the 
minimum yield point specified in the Standard Specifications of the American Society for 
Testing Materials for the particular kind and grade of reinforcement used, but in no case to 
exceed 30,000 psi. 


507—Concrete protection for reinforcement 

(a) The reinforcement of footings and other principal structural members in which the 
concrete is deposited against the ground shall have not less than 3 in. of concrete between it 
and the ground contact surface. If concrete surfaces after removal of the forms are to be 
exposed to the weather or be in contact with the ground, the reinforcement shall be protected 
with not less than 2 in. of concrete for bars more than 5% in. in diameter and 1% in. for bars 
5 in. or less in diameter. 


(b) The concrete protective covering for reinforcement at surfaces not exposed directly 
to the ground or weather shall be not less than % in. for slabs and walls; and not less than 
1% in. for beams, girders and columns. In concrete joist floors in which the clear distance 
between joists is not more than 30 in., the protection of reinforcement shall be at least 34 in. 

(c) If the general code of which this Code forms a part specifies, as fire-protective covering 
of the reinforcement, thicknesses of concrete greater than those given in this section, then such 
greater thicknesses shall be used. 


(d) Concrete protection for reinforcement shall in all cases be at least equal to the diameter 
of round bars, and one and one-half times the side dimension of square bars. 

(e) Exposed reinforcement bars intended for bonding with future extensions shall be pro- 
tected from corrosion by concrete or other adequate covering. 
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Concrete for Radiation Shielding*® 


By EDWIN J. CALLANT 


SYNOPSIS 


Concrete for shielding nuclear radiation is discussed, with emphasis on fac- 
tors related to concrete technology and cost. The types of radiation and me- 
chanics of radiation shielding are presented briefly, and data regarding con- 
crete for shielding are reviewed. Tables and curves of concrete thickness 
required for shielding are given for both ordinary and heavy concrete. Prob- 
lems involved in the use of special concrete are discussed. An outline of a 
procedure for designing concrete shielding is presented. 


INTRODUCTION 


The advent of the nuclear energy industry presents considerable demands 
on the concrete technologist. Large-scale production of penetrating radia- 
tion and radioactive materials, as a result of the use of nuclear reactors, 
particle accelerators, industrial radiography, and X- and gamma-ray therapy 
entails the use of shielding material for the protection of operating personnel 
against the biological hazards of such radiation. Concrete, both of normal 
and special types, is an effective, versatile, and economic material for per- 
manent shielding installations. The requirements for concrete for shielding 
purposes are, in many respects, different from those for concrete used for 
normal purposes. 

It is the purpose of this paper to provide the concrete engineer with in- 
formation on the use of concrete for radiation shielding and the special re- 
quirements of such concrete.{ Experimental data on shielding concrete, which 
have not been presented in a unified fashion in the literature on concrete 
technology, are reviewed. 

The work of the National Bureau of Standards staff, primarily concerned 
with concrete for X- and gamma-ray protection, is covered in the companion 
paper by B. E. Foster.§ 


FACTORS INVOLVED IN CONCRETE SHIELDING 


The primary factor involved in radiation shielding is the reduction of the 
intensity of the radiation to the desired level. Secondary to this are economic 
and mechanical factors, which are interrelated to a considerable extent. 


*Presented at the ACI 49th annual convention, Boston, Mass., Feb. 18, 1953. Title No. 50-2 is a part of copy- 
righted JouRNAL OF THE AMERICAN CoNCRETE INstITUTE, V. 25, No. 1, Sept. 1953, Proceedings V. 50. Separate 
prints are available at 50 cents each. Discussion (copies in A Manat should reach the Institute not later than 
Jan. 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

tChief, Thermal Research Section, Concrete Research Division, Waterways Experiment Station, Jackson, Miss. 

tReferences 2 and 4 present good accounts of elementary nuclear physics which demand little mathematical 
background. 

§Foster, B. E.,‘‘ Absorption by Concrete of X-Rays and Gamma Rays,’”’ ACI Journat, Sept. 1953, Proc. V. 50, 


p. 45. 
17 
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Accomplishment of the reduction in radiation intensity is relatively simple. 
Almost any material will serve for shielding purposes if sufficient thickness is 
used. However, the use of materials requiring excessive thicknesses may be 
precluded on an economic basis; other materials requiring only moderate 
thicknesses may not be practical for economic or mechanical reasons. Thus, 
although water is a good neutron shield, it requires excessive thicknesses for 
shielding accompanying gamma-radiation, and water tanks are relatively 
fragile and subject to leakage. At the other extreme, lead shields are very 
effective against gamma-radiation, but lack mechanical strength for large, 
permanent shielding structures. Both of these materials are, therefore, 
relatively infrequently chosen for permanent shielding installations of con- 
siderable magnitude because they are uneconomical and not completely 
suitable mechanically. 


Fortunately, concrete is an excellent shielding material for large, permanent 
shields. It possesses good compromise thickness requirements for both 
neutron and gamma-ray attenuation, sufficient mechanical strength, low 
maintenance, and reasonable cost. For the balance of this paper, only concrete 
will be considered for the shielding material, with comparisons restricted to 
various types of concrete. While ordinary concrete in sufficient thickness 
will provide satisfactory shielding, heavy concrete, made from special aggre- 
gates with a generally higher unit cost, is often preferable due to smaller 
thickness requirements. Certain mechanical problems and requirements, 
such as homogeneity, are common to both types. Assuming that these re- 
quirements are met, the space requirements and other economic factors will 
yield a decision as to the type of concrete to be chosen. 


Homogeneity 


Assuming that the required thickness of the shield has been obtained in 
the design, the major requirement for shielding effectiveness is homogeneity 
of the concrete. This is necessary, since otherwise, portions of the shield 
may not actually be composed of the material upon which the design thick- 
ness is based, and such portions may prove inadequate. A radiation shield 
is only as good as its weakest point. If pockets are formed in the concrete 
during placing, or segregation occurs, the effective concrete thickness is 
lessened and the intensity of radiation passing these sections is greater than 
anticipated. If joints are not keyed in properly, or cracks develop, the in- 
tensity of radiation transmitted through these weak planes may easily be 
much greater than permissible. In the case of the concrete biological shield 
of the Brookhaven reactor,® the presence of voids in the heavy concrete along 
the undersides of tube sleeves passed radiation in excess of the design value 
and required remedial work. In other sections, radiation leakage along 
joints at openings of the shield was also excessive. Since it is not permissible 
to operate the shielded unit until such weaknesses in the shield are removed, 
the importance of homogeneity, both in the concrete and in the shield as a 
whole, is readily seen. 





CONCRETE FOR RADIATION SHIELDING 


Mechanical problems 


The construction of most large concrete shields involves a variety of me- 
chanical problems. Such shields are complicated by the presence of num- 
erous Openings required for operational or experimental purposes, such as 
the tubes used in charging reactors. These openings are of many sizes, are 
widely scattered, and are required in large numbers. This requires accurate 
placement of formwork and skillful placement of concrete to avoid segrega- 
tion. Additional thickness is required to compensate for these openings, and 
careful design is necessary. The openings must be provided with plugs when 
not in use, which may be of intricate design to prevent straight-through 
transmission of radiation. Special concrete is often used for radiation sShield- 
ing, which requires some changes in concreting practice. For heavy concrete, 
form pressures are greater; the shrinkage characteristics of high water-content 
concrete require attention to prevent cracking and segregation; the use of 
vibration for concrete containing friable aggregates must be carefully con- 
sidered. In general, adequate strength of concrete is attained, but work- 
ability of concrete containing angular pieces of scrap iron may require in- 
vestigation to insure proper placement and consolidation. 

Space requirements 

Space requirement is often a factor of considerable importance. A particle 
accelerator, such as a cyclotron, in a university building must be shielded 
in a rather limited area. If the shield is too thick, valuable space is lost. The 


difference between the use of heavy and ordinary concrete for shielding a 
reactor may be as much as 6 ft in thickness, or 12 ft in each direction. Thus, 
where the use of ordinary concrete shielding might require a 72-ft cubical 
building, the use of heavy concrete shielding would only call for a 60-ft cubical 
building, or little more than half the volume. 


Economics of shielding 

All of these factors must be considered in determining the economics of 
concrete shielding. Due to the important differences between heavy and 
ordinary concrete, careful consideration of the cost factors involved is re- 
quired. The increased costs of heavy concrete, due both to the need for 
obtaining and transporting heavy aggregates such as limonite and magnetite, 
and the relative unfamiliarity of contractors with regard to their concreting 
properties, are often compensated by the reductions in shielding thickness 
and space requirements. 


In one case where a 10-ft thickness of ordinary concrete would be required, 
only 7.7 ft of magnetite concrete gave equivalent shielding efficiency.’ For 
the 100-ft length of 10 ft high shield for a synchro-cyclotron, the cost of 
magnetite concrete would be $74,000, while for ordinary concrete it would 
be $90,000, despite the fact that magnetite concrete block would cost $9.60 per 
cu ft in place, and ordinary concrete only $9. In addition, the use of magnetite 
concrete would save 230 sq ft of floor space, at about $20 per sq ft. Thus the 
total savings secured by use of magnetite concrete would be around $20,000. 
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The cost of magnetite ore is about two to three times that of local aggre- 
gates, and other heavy ores, such as barite or limonite, also are more expen- 
sive. In addition, transportation charges vary so that exact figures for the 
cost of heavy concrete would depend on the type and location. The enrich- 
ment of limonite concrete with scrap iron led to a cost of $90 per cu yd in one 
case,® but this was competitive with ordinary concrete because of the reduced 
shielding thickness required. 

In general, with the form and placing costs included, for large shields, heavy 
concrete may be considered to be on a competitive basis with ordinary con- 
crete, in spite of the difference in unit cost of the concrete alone. A recent 
comparison of costs for various shielding materials including ordinary con- 
crete and precast pumice concrete is given in Building Research Advisory 
Board Report No. 3 (abstracted in reference 9), which shows the good com- 
petitive position of concrete compared with lead, iron, and water shielding. 


Radiation factors 

A few additional factors, which are due to effects of radiation only, are not 
presently amenable to economic study because of the limited available data. 
First of these is the possible deterioration of concrete shielding due to the acti- 
vation, by radiation of atoms composing the concrete. These atoms may be 
changed into those of other elements which may be corrosive or ineffective. 
They may merely be activated and produce other than normal chemical re- 
actions in the concrete. For example, water containing dissolved air, when 
irradiated, yields nitric acid produced from the nitrogen in the air; other ele- 
ments behave differently and often in an unknown manner. The gel structure 
of the cement paste may be affected by irradiation, leading to changes in the 
mechanical properties of the concrete, such as strength and cracking. 

In addition, the high power levels of large nuclear reactors cause con- 
siderable heating of the reactor materials, which might dehydrate the con- 
crete of the shield and lessen its efficiency. Such heating may also cause 
thermal stresses, which could have undesirable effects on the positioning of 
openings, leading to radiation leakage. 

Provision for such effects is necessary for shield design of large reactors. 
For smaller reactors, operating at low power levels, the problem is not of 
such significance, and may be disregarded for shielding computations, being 
included in the factor of safety for shield thickness. 


RADIATION TYPES AND HAZARDS 

Types of radiation 

The radiations with which this paper is concerned are of two general classes, 
electromagnetic waves and nuclear particles. Of the electromagnetic waves, 
the high-energy, high-frequency waves known as X- and y-(gamma) rays are 
the only types which require shielding for protection of personnel. They are 
similar to light rays but of higher energy and greater penetrating power. 

In the second class, nuclear particles, the particles consist of nuclei of atoms, 
or fragments thereof. These are neutrons, protons (which are hydrogen 
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nuclei), a-particles (which are helium nuclei and comprise two neutrons 
and two protons), and #-particles (which are electrons emitted from certain 
nuclei). Of these, all but the neutrons possess an electric charge and are 
subject to the electrical fields surrounding atoms, thus interacting with atoms 
of an absorbing material, losing energy, and being stopped completely within 
a certain definite range of penetration. Neutrons, on the other hand, are 
uncharged and continue unaffected by electrical fields until they interact 
by collision with a nucleus. They have no definite range, and some will 
penetrate any shield. 

The X- and y-radiation also possess this property of not being completely 
attenuated within any definite range. The charged particles may be dis- 
regarded in the design of concrete shielding, except for high-energy protons 
which are quite penetrating. Since these particles are usually produced in 
accelerators which are also used for the production of neutrons, the usual 
neutron shielding will be adequate to eliminate these protons. 


Biological hazards and tolerance levels 

The question of shielding thus resolves into protection against X- and 
y-rays and neutrons. The X- and y-rays are similar except in energy and 
origin and will be considered synonomous for the purposes of this paper. The 
biological hazards of radiation arise from the fact that the radiations interact 
with human tissues, losing some of their energy in the process. This energy loss 
is sufficient to ionize atoms in the cells, upsetting the delicate chemical bal- 


ance and causing the death of the cell. If enough cells are affected the organ- 
ism dies. Therefore, the radiations must be attenuated sufficiently so that 
what is left cannot render permanent damage to persons exposed to it. These 
effects are produced both by X- and y-rays directly, and by the energy re- 
lease occurring when neutrons interact with nuclei in the tissue. 

The unit of y-radiation is known as the roentgen (r) and is defined as that 
quantity of such radiation which will produce 1.6 X 10" ion-pairs in one 
gram of dry air at standard conditions. It is also equivalent to the amount 
of y-radiation which will have an energy absorption of 83 ergs per g in air. 
A total body dose of some 700 r is considered lethal to humans, and 200 r 
will make half of the recipients sick. 

Since other types of radiation have energy absorption and effects on tissue 
which depend on the type and energy of the radiation, other units are used. 
The roentgen-equivalent-physical (rep) is the amount of radiation which 
will produce an energy absorption of 83 ergs per g in air. The roentgen- 
equivalent-man (rem) is that quantity of radiation which will have the same 
biological effect as a roentgen of y-radiation. Neutron radiation is often 
described in terms of neutron flux, which is the number of neutrons crossing 
a one sq cm area per sec (n per sq em sec). The effects of neutrons are much 
more severe in tissue than are those of gamma rays. For example, 1 rem of 
y-radiation corresponds to 1 rep, while for thermal neutrons (low energy 
neutrons) 1 rem corresponds to only 0.2 rep, and for fast (high-energy) neu- 
trons, 1 rem is only 0.1 rep. 
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TABLE 1—MAXIMUM PERMISSIBLE EXPOSURES TO RADIATION* 
: : = aa 
| mrem per | mrep pas | mrem per | Flux, in n per sq cm sec, 
dayt giving 60 mrem per 24 hr 





Type of radiation week wee 





X- or y-rays 300 300 60 sae 
Fast neutrons 300 30 60 | 20/(1.2-e-# /2)t 
Thermal 

neutrons 300 60 





eye ee 

TZ is neutron energy in Mev. 

The standard tolerance dose, which insures that no harmful results will 
occur over any indefinite length of exposure has been set at 0.3 rem per week, 
or 300 mrem per week (1 milliroentgen = 0.001 roentgen). When this toler- 
ance dose rate is spread over a 6-day week of 8 hr per day, the resulting toler- 
ance dose rate becomes 6.25 mrem per hr (0.00625 rem per hr). Both to 
reduce the exposure of personnel, and to reduce the background radiation 
level to permit higher precision in experimental work, most shielding is de- 
signed to yield a lower intensity at the outside of the shield, such as the 5 
mrem per 8 hr intensity specified for the Brookhaven reactor. Values for 
tolerance levels for the various types of radiation, together with the tolerance 
flux for neutrons, are given in Table 1, taken from reference 4. 

It is seen that the permissible fast neutron flux depends on the neutron 
energy in Mey. This unit, which will be frequently used in what is to follow, 
is called the million-electron-volt (Mev) and is the amount of energy which 
would be acquired by an electron in falling through a potential of 1,000,000 
volts. It is equal to 1.6 X 10-“ watt-sec. Another unit, the electron-volt 
(ev) is one-millionth of a Mev. As an indication of the scale of energy re- 
lease in nuclear reactions, an ordinary TNT explosion yields about 10 ev 
per molecule, while about 200 Mev are released per fissioned atom. 


MECHANICS OF SHIELDING 
Reduction of intensity 
Consideration of the attenuation of radiation will be limited to gamma 
rays and neutrons. Both of these are attenuated exponentially by an ab- 
sorber. Two general formulas describe this attenuation: when the radiation 
is considered as a point source, the geometry is said to be spherical; when it is 
considered as a plane source on one side of a wall, and its intensity measured 
on the other side, the geometry is said to be plane. The relations of these 
two geometries are shown in Fig. 1. The usual forms of the absorption law 
for these geometries are 
Spherical—I = I, (= 
Plane— I 
where J = intensity of radiation at point x (Fig. 1) 
Ry intensity of source 
bu absorption coefficient of absorber material 
x thickness of absorber 
a distance from source to start of absorbing material 
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The factor 1/(a + x)? in 
Eq. (1) is the reduction : =Ige**/(a+x)? 
ABSORBER 
in intensity due to the in- 
verse-square relation with 
distance, similar to that for 
light or gravity. For larger DETECTOR 
distances from the source sone 
and for relatively thin ab- 
sorbers, Eq. (2) may be 
used, with resulting sim- 
plicity. Intensity may be 
measured in r per hr, mrem 
per hr, neutron flux, or sim- 
ilar units. The term e-#* 
gives the exponential re- 
duction in intensity due to 
the presence of absorbing 
material of thickness z. 
The factor u is the absorp- 
tion coefficient of the ab- 
sorber and is given in terms 
of reciprocal length. The 
larger the value of yu, the 
greater the intensity reduc- 
tion for a given thickness. 
The absorption coefficient 
uw equals No, where N is the PLANE GEOMETRY 
number of atoms per cu 
em, and o is a quantity 
known as the total cross section of the absorber, and is given in terms of sq 
em. The cross section will be discussed further later. For comparitive pur- 
poses, mass absorption coefficients u/p (sq cm per g), obtained by dividing 
the linear absorption coefficient » by the density p of the absorber, are often 
used. 


Half thickness 


When there is just enough thickness of absorber to reduce the intensity 
by a factor of 14, this thickness is known as the half-thickness and is given in 
inches or centimeters. It is determined from 

\% = e# Ti/2 
or ; 

Ty = 0.693/p 


SPHERICAL GEOMETRY 


l=Ipe~F* 





DETECTOR 


SOURCE acon 


ABSORBER 


° 
° 
° 
° 
° 
° 
° 
° 








Fig. 1—Geometry types used for absorption measurements 


(3) 


where 7’, is the half-thickness and yu is the absorption coefficient. This value 
varies with the type and energies of the radiation, as well as with the material 
of the absorber. A similar factor known as the relaxation length is sometimes 
used in place of the half-thickness; it is equal to 1/u. One relaxation length 
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TABLE 2—NUMBER OF HALF-THICKNESSES (N) REQUIRED FOR 


R 





512 
1000 
1024 
8192 

10,000 
65,536 
100,000 
524,288 


256 


VARIOUS REDUCTION FACTORS (R) 


R 
1,048,576 
107 


3.36 x 107 


108 
10° 
191° 
101! 
1012 


corresponds to an intensity reduction of 63.2 percent rather than the 50 per- 
cent reduction per half-thickness. 

The number of half-thicknesses required for a shield may be computed 
from the equation 

N = 3.322 log R.. pee Tt Wee ris i (4) 
where N is the required number of half-thicknesses, and FR is the reduction 
(attenuation) factor, which is that needed to attenuate the radiation to 
the desired level. Values for N and R are given in Table 2 for various de- 
grees of attenuation. The reduction factor can be computed from the in- 
tensity of the source by dividing it by the tolerance or the design intensity 
at the outside of the shield. 
Source strength 

In the case of gamma-ray emitters, their strength is often described in 
terms of curies. A curie (c) is that amount of radioactive isotope which has 
3.7 X 10'° disintegrations occurring per second. Assuming a point source, 
the dose rate may be found from the equation'® 
(5) 


where 7, = intensity in r per br at one ft from the source 
c number of curies of the isotope 
E energy of emitted y-rays in Mev/disintegration 
a = distance from the source to the inside of the shield, ft 


The energy of the y-rays may be obtained from tables for the various isotopes. '! 
Table 3 gives values of energy and neutron emission for some commonly 
used isotopes and neutron sources. In many cases y-rays of different energies 
are emitted. When these are cascaded, or emitted in series, the sum of the 
energies is used as E in Kq. (5);-unless definitely known otherwise, the rays 
are assumed to be cascaded. If 1 curie of Co®, which yields y-rays of 1.33 
and 1.17 Mev, is the source, then applying Eq. (5), 7, = 7 X 1 X (1.33 + 
1.17) = 17.5 r per hr at 1 ft. Then, dividing this dose rate by the tolerance 
dose of 0.00625 r per hr, the attenuation or reduction factor becomes 17.5 
0.00625 = 2800. Then from Eq. (4), N = 3.322 log 2800 = 11.45 half- 
thicknesses are required. In some cases the isotope disintegrates in parallel 
fashion, emitting gamma rays of different energies which are not cascaded. 
Such an isotope is /'*! which yields (Table 3) a 0.638-Mevy y-ray in 15 percent 
of the disintegrations, a 0.364-Mev y-ray in 79 percent, and two cascaded rays 
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TABLE 3—LIST OF COMMONLY USED GAMMA AND NEUTRON EMITTERS 


Energy of 
Isotope radiation, Mev Remarks 


cu , <a 8-radiation only 

Na* : 

P32 ree Tee B-radiation only 

Coe 1.17, 1.33 

yi 0.638(15%), 0.364(79%), 

0.283(6%), 0.80(6%) 

Eu'ss 1.12 max, Use 1,12 as E in Eq, (5)* 

Tr is2 1.2 max. Use 1.6 as E in Eq. (5)* 

Ra22 0.188 (Ra only) For sealed radium sources, the disintegration products also 
emit y-rays of 2.42, 2.20, 2.09, 1.82 Mev and others, which 
must be considered for such sources over a period of time. 

Ra-Be | 4.4 Avg, 12 max, K = 16,000 n/per sec-mera in Eq. (6) 

Po-Be 4.1 Avg, 10 max. K = 2500 n/per sec-mepo in Eq. (6) 

Low-power 

Reactor Thermal neutrons 10°-107 n/per sq em sect 


*These isotopes emit a series of gamma rays, with the maximum energy ray shown, and the approximate total 
energy of the emitted rays given under remarks. 
+This value is given for comparisgn only. 


of 0.284 and 0.080-Mevy in 6 percent of the disintegrations. The source in- 
tensity for this case is computed by averaging, as follows; for a l-curie source, 
at a 1-ft distance 
I, = 7X1X $(0.79X0.364) + (0.150.638) + ( [0.284 +0.080] 0.06) { 
= 7X (2.8756 + 0.9570 + 0.2184) = 28.36 r per hr 
For isotropic neutron sources, such as the Ra-Be sources in common use, 
the strength is usually given in terms of neutrons per sec-me of the isotope. 
Assuming an isotropic emission, the neutron flux can be calculated at a given 
distance as follows: 
I = 8.57 10° KM /a?.. (6) 
where J = neutron flux, n per sq cm sec 
K = aconstant depending on the type and strength of the source (see Table 3) 
M number of millicuries of active isotope 
a distance from the source, ft 
Thus, for a Ra-Be source of 1000 mcRa content, where A = 16,000 n per sec 
per mcRa, the neutron flux at 1 ft from the source would be 
I = 8.57 X 10° & 16000 X 1000/1 = 1371 n per sq cm sec 
The neutrons are of various energies, and the calculated flux is the total 
flux for all neutrons, so that greater shielding may be required to reduce the 
fast neutron flux below tolerance than would be computed for reducing the 
total flux to the tolerance level. 


Cross section 

The term cross section, previously mentioned, although given in terms of 
sq cm actually is a measure of the probability of occurrence of the process 
for which the cross section is given. A large cross section indicates that the 
process is likely; a small cross section, that few such occurrences will be found. 
The total cross section is the sum of the individual cross sections for various 
processes, and is usually designated o. In the case of y-ray attenuation, the 
cross sections for three processes are utilized, those for the photoelectric 
effect ope, Compton scattering o,;, and pair production ¢,,. The total cross sec- 
tion ¢ = Ope + ocs + Opp. In the case of neutron attenuation, only absorption 
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oo, elastic scattering ¢,, and inelastic scattering o; cross sections are considered 
here. Then o = oa +o: +; When the cross sections are multiplied by 
the number N of atoms per cu cm, the product No is the absorption coefficient 
pu for the process, in terms of cm-'. Since the cross sections are small quantities, 
they are often given in terms of “barns;’ 1 barn = 10-4 sq cm. However, 
the number N is of the order 10°" per cu cm so that the absorption coeffi- 
cients in cem~' are usually several hundredths. 


Gamma-ray absorption 


Absorption of gamma radiation is accomplished by three processes: (a) 
the photoelectric effect, and (b) pair production, both involving the dis- 
appearance of the gamma ray with the ejection or production of charged 
particles having limited ranges, and (c) the Compton scattering which merely 
lowers the energy of a gamma ray without destroying it. 

This latter process is the only one of major importance in concrete in the 
usual energy ranges for y-emitting isotopes of about 1-10 Mev, and concrete 
will be assumed to be a pure Compton scatterer in these ranges. Above 10 
Mev, pair production becomes of increasing importance and soon predominates. 
In Compton scattering, a y-ray collides elastically with an electron of an atom 
and transfers part of its energy to the electron, being deflected from its original 
path in a definite manner. However, since the gamma rays are only scattered 
and not destroyed, the total intensity of the radiation passing through a 
shield may be much greater than the intensity of the unscattered radiation 
component passing the shield. Therefore, Eq. (2) must be modified by the 
insertion of a “build-up factor’ B to give J = J, (1 + B)e-#*. 

The build-up factor is a complicated function of the energy of the radiation, 
the absorption coefficient, and absorber thickness. Tables of this factor 
have been prepared for ‘certain elements and energy ranges.'? To simplify 
calculations, two procedures may be used; an effective absorption coefficient 
and half-thickness including the effect of the build-up may be given and the 
proper thickness determined. This is the procedure given for concrete in 
the data presented here, insofar as feasible. The other method according 
to Glen'* is as follows: “In general, for thick shields, that is, those with a 
4-in. thickness of lead or a 20-in. thickness of regular concrete, and up, 25 
percent is added to the theoretical thickness to compensate for Compton’s 
scattering effect plus the reflection of the gammas from wall to wall. For 
thinner shields, experience teaches that a lower percentage is required to be 
added to the theoretical thickness. A good estimate would be to vary the per- 
centages of additional shielding from 25 percent at a 4-in. thickness of lead 
down to nothing percent for a 0.5-in. thickness.” This method would be 
used where the absorption coefficient for the initial energy beam only is 
given, which is usually the case for metals or water absorbers. 


Since Compton scattering depends only on the interaction between the 
y-rays and electrons of the absorber atoms, increased attenuation can be 
obtained for a given thickness by increasing the number of electrons. This 
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may be done by using elements of higher atomic number which have more 
electrons per atom, or by increasing the density of the same material by more 
complete compaction. For concrete shielding this is usually accomplished 
by the use of heavy aggregates such as iron or iron ores. In general, the 
half-thickness of concrete for gamma-ray shielding varies approximately 
inversely with the unit weight, so that high unit weights are most desirable. 
While ordinary concrete has an absorption coefficient approximately that 
of an element of atomic weight about 23 and of equal density (it is frequently 
assumed to be interchangeable with aluminum, of atomic weight 27, for y-ray 
shielding), heavy concrete may act as equivalent to elements of atomic weight 
30 to 40 and of density equal to the concrete; these comparisons are best 
based on mass absorption coefficients and average atomic weights. 

Neutron attenuation 

Attenuation of neutrons is accomplished chiefly by causing them to lose 
energy or to be slowed down, in collisions with nuclei, followed by capture 
of the slowed-down neutrons in nuclei, with the emission of gamma rays by 
the target nuclei in many but not all cases. See references 26 and 28. 

The loss of energy is accomplished by elastic and inelastic scattering. In 
elastic scattering the neutron collides with a nucleus and rebounds with a 
transfer of energy to the target nucleus. The more nearly the target nucleus 
has the same mass as the neutron, the greater the possible energy loss in a 
collision. Hydrogen nuclei have approximately the same mass as neutrons 
and so are most efficient in slowing the neutrons. Since the rebound may 
take place with any forward angle, only the average loss of energy per collision 
is of use for comparison. A measure of this average energy loss is often given 
in terms of £, the average fractional logarithmic energy-loss by neutrons in 
elastic scattering. Values of £ are given on Table 4, together with other per- 
tinent physical data for the elements normally found in concrete. 

The relatively high efficiency of hydrogen and oxygen in the slowing-down 
process, as seen by comparing values of — in Table 4, makes the presence of 
these elements desirable in neutron shields. The best and simplest means 
of accomplishing this is by the presence of water in the concrete. For ordinary 


__ TABLE 4—PHYSICAL DATA FOR ELEMENTS CONTAINED IN ee. 
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*From reference 14; fer an qvdinacy concrete, of density 2.20 g per cu cm, with gravel nesventen. 
tFrom reference 4, p. 285; thermal neutron absorption cross section, barns. 
{From various sources; thermal neutron transport cross sections, or slow neutron cross sections, barns. 
Number of atoms per cu cm of concrete (for composition of column 3). 
** Average fractional logarithmic energy-loss of neutrons per elastic collision with target nucleus. 
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concrete of about 7.5 percent water content, such as described by Delano 
and Goodman,’ or Jensen and Ritter,'® a weighted mean energy loss of 
about 10 percent per collision can be obtained, the concrete behaving as if 
it had an effective atomic weight of around 20 for the slowing-down process; 
this is an effective atomic weight similar to that found for y-ray shielding 
behavior of ordinary concrete. 


Inelastic scattering also leads to loss of energy by the neutrons. This 
process involves loss of energy in exciting the target nucleus, without loss of 
identity of the neutron. There is also the usual elastic scattering energy 
loss in such collisions. Inelastic scattering is dependent on the energy of 
the neutrons and the target material, occurring only for certain energy bands, 
within which the inelastic scattering cross sections increase markedly. This 
process is of importance for the high-energy neutrons but is normally not a 
major factor for neutrons near thermal energies, with respect to elements 
present in concrete. 

The aim of the slowing-down process in general is to slow fast neutrons to 
“thermal” neutrons of low energy (0.0025 ev) where diffusion and capture 
will accomplish the desired attenuation. “The diffusion of thermal neutrons 
is described by equations similar to those for the conduction of heat. For 
the one-dimensional case, a first approximation to the diffusion process has 
the solution 
n = ne*/b 

where n = neutron density at point x 

n. = neutron density at z = 0 

L a quantity known as the diffusion length 
The diffusion length is that length in which the density of neutrons is reduced 
by a factor 1/e = 0.368. It may be found from 

Oe BR a ed es ee os eos (7) 

where N = number of atoms per cu cm of the material 

¢, = absorption cross section for thermal neutrons, sq cm 

o, = transport cross section for thermal neutrons, sq cm 
The smaller the diffusion length, the more effective the material is in reducing 
neutron density. For thermal neutrons the absorption cross section shows 
wide variation with different elements. For concrete, with the weight per- 
centages of each element as given in reference 14, the most effective elements 
for reducing the thermal neutron density are again hydrogen and oxygen, 
as seen from Table 4. Applying Eq. (7) a diffusion length of 3.3 in. is found 
for the concrete considered in Table 4, as compared with the experimental 
value of 2.9 in. Iron is also quite effective, and concrete made with aggre- 
gates containing much iron is better than ordinary concrete for this purpose. 
In Table 4 the relative absorptions N o. were computed from the relation 

ec ae en we al Me se ee 

where P = percentage of the element by weight of concrete 


o, = absorption cross section, sq cm 
A = atomic weight of the element 
p = density of the concrete, g per cu cm 
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A similar calculation was performed for the relative transport (N o:). 


To show the great effects that small amounts of certain elements of rela- 
tively large absorption cross section can make on the over-all absorption, if 
1 percent of boron by weight of the concrete is added, the over-all absorption 
of thermal neutrons would be increased by a factor of roughly 100, since the 
absorption cross section of boron is 715 barns for thermal neutrons. This 
would not affect the slowing-down, process significantly because of the small 
percentage of boron. Other elements such as lithium and chlorine have rela- 
tively large absorption cross sections. Quantities of such elements might be 
included in the concrete by the use of special cements, such as the oxychloride 
cements described by Pavlish and Wynd.'* Such additions have not yet been 
extensively studied with regard to their effects on concrete. 


Secondary radiation 


In the absorption process, many of the elements give off gamma rays when 
neutrons are captured; this secondary radiation needs shielding also. Hydro- 
gen, for example, gives off a 2.2 Mev gamma when it absorbs a neutron. 
Since water is not very dense, it is not too effective a shield for gamma radia- 
tion, although quite good for neutron shielding. Thus, material such as 
concrete of high water content is better since it is effective against both 
neutrons and gamma radiation. The question of the efficiency of iron-water 
mixtures as compared with water alone for neutron shielding was investi- 
gated by Munn and Pontecorvo,'’ who found that iron-water mixtures of 
3.9 g per cu em density were approximately as effective against thermal 
neutrons as pure water. This indicates that heavy concrete is desirable for 
neutron shielding since it will attenuate secondary gamma radiation more 
efficiently than ordinary concrete, without loss of neutron shielding ability. 


EXPERIMENTAL WORK ON CONCRETE FOR SHIELDING 


The published literature on the use of concrete for radiation shielding is 
not extensive. Much of it is also presented primarily from the standpoint 
of the shielding properties, with those characteristics of the concrete mix- 
tures which are normally of concern to the concrete technician being sub- 
ordinated or omitted. Many of the papers are concerned principally with 
heavy concrete, most of which contains iron ore or barite as aggregates. 
Many problems arise with regard to gradings, workability, segregation, and 
other factors. The aggregates are not always available as well-graded ma- 
terials; the particle shape often leaves much to be desired; the particles are 
sometimes friable. The effects of these factors have not been extensively 
discussed, and additional work on the part of the c@ncrete technologists 
would offer hope of enhanced shielding qualities, with economic benefits, by 
providing more suitable heavy concrete mixtures from the standpoint of 
concreting practice. * 


*See also ‘‘Summary Report on Portland Cement Concrete for Shielding,”’ by R. B. Gallagher and A. 8. Kitzes, 
ORNL-1414. 
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The data which are available may be grouped in four classes: those con- 
cerning heavy concrete, those concerning ordinary concrete, concrete for 
high-energy radiation shielding, and concrete containing special cements to 
improve shielding qualities. 


Barite concrete 

The use of barite (BaSO,) aggregate has been reported by Tirpak.'!* Con- 
crete having a unit weight of 220 lb per cu ft was produced from these aggre- 
gates, coarse aggregate of 114-in. maximum size having a dry-rodded unit 
weight of 159 lb per cu ft, and the fine aggregate having 163 lb per cu ft unit 
weight. With a 1:3.8:5.1 mixture, a 7-day strength of 3000 psi was obtained. 
A mixture with 7 bags per cu yd cement factor and 5.5 gal. per bag W/C 
was developed on a trial mix basis. 

Several test walls were constructed to determine the effects of vibration 
on segregation, as well as to simulate actual conditions involved in the con- 
struction of “hot cells.’ In one 15 x 5x 1-ft wall, 37 pipe sleeves ranging 
from 34 to 31% in. in diameter were placed. Both internal and external vibra- 
tion were used on different slabs. Results showed that “‘no evidence of any 
pronounced segregation, voids, or lack of homogeneity was found.” Both 
from radiation measurements and’ from examination of sawed sections, the 
concrete was deemed of satisfactory homogeneity. 

Based on these tests, Tirpak recommended the following specifications for 
barite concrete mixture: coarse aggregate 3000 lb, fine aggregate 2250 lb, 
cement 658 lb, and water 321 lb, with a 3-in. slump and vibrated internally. 
Forms must be braced for the heavy loads, and slowly rising placement pro- 
cedures are of assistance in limiting form pressures. Although the actual ab- 
sorption coefficients were not given, from other sources!® it is indicated that 
the design basis for shielding of “hot cells’ for the same installation was the 
reduction of 30 curies of 2-Mev gamma radiation to 1 mr per hr by a 3 ft 
thickness of the concrete, leading to a half-thickness of about 1.9 in. This 
would appear to be a reasonable value for this heavy concrete, which is about 
equal in density to magnetite concrete, and on a shielding basis should be 
equivalent. Recent data tend to confirm this half-thickness of 1.9 in. for 
barite concrete under broad-beam conditions. Tests using Co® yielded half- 
thicknesses of 1.6 in. for barite concrete, and 2.0 in. for ordinary concrete 
(quartzite aggregate), under narrow-beam conditions.* 


Magnetite concrete 


Heavy concrete was also studied by Creutz and Downes.? They used 
magnetite (Fe;0,) ore containing about 60 percent iron, with 99 percent 
passing a No. 16 sieve, and 45 percent passing a No. 100 sieve. For a 5:1 
mixture containing 11 percent water by weight of concrete, they reached 
densities of 200 lb per cu ft. For higher water contents, the unit weight was 
reduced, reaching 180 lb per cu ft at a water content of 16 percent. Strengths 
varied from 3600 psi for a 4:1 mix with 11 percent water to 1100 psi for a 6:1 


*Shelstad, K. A., Vaughn, V. E., and Cameron, E. L., ““Barite-Aggregate Concrete for Gamma-Ray Shielding,” 
Canadian Journal of Physics, Dec. 1952, p. 334. 
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mix with 16 percent water. Shrinkage was of the order of 0.8 percent in 48 
hr, as determined by extensometer measurements. Not much additional 
shrinkage developed after 96 hr, indicating most of the observed shrinkage 
was due to setting. Loss of moisture followed the ordinary diffusion equation 
with a constant of about 0.01 sq cm per hr; thus, for an 8-ft shield, 33 years 
would be required to lose half the moisture constant by diffusion into a dry 
atmosphere. 


In their radiation tests, these authors used a combined neutron-gamma 
source placed in a 3-in. cavity in a 16-in. hemisphere. Only comparative 
values were presented. The gamma intensity for ordinary concrete was 1.7 
times that for the magnetite concrete; without a shield it was 6.9 times that 
with the magnetite shield. For slow neutrons the intensities were: no shield, 
14; magnetite concrete shield, 1; ordinary concrete, 2. The increase in in- 
tensity with the shielding was due to the slowing down of fast neutrons in the 
shield, and the use of a neutron counter which was insensitive to fast neutrons. 
For fast neutrons the intensities were: no shield, 7.6; magnetite, 1; ordinary 
concrete, 1.8. For magnetite concrete the half-thickness for the y-radiation 
was 2.7 in.; for ordinary concrete it was 3.9in. For neutrons the half-thickness 
values were 2.9 and 4.0 in., respectively. 


Pavlish and Wynd!"* studied concrete made from portland cement with 
coarse and fine iron shot being used as aggregate in sizes ranging from No. 4 
down. An optimum proportion of 71.5 percent coarse and 28.5 percent fine 


shot was determined. Densities of 5.5 g per cu cm (343.4 lb per cu ft) were 
obtained with 5000-psi compressive strength and adequate workability. 


Limonite concrete and others 


A series of tests of various concrete mixtures both heavy and ordinary 
was performed by Gugelot and White.* Tests on water and water with 3 
percent borax added were also conducted. In order of increasing half-thick- 
ness for thermal neutrons the absorbers were cement plus limonite (2Fe0;- 
3H,0), water plus three percent borax, cement plus limonite plus scrap iron 
plus Pyrex glass, cement plus scrap iron plus limonite, water, concrete plus 
Pyrex (1.25 percent), cement plus magnetite, and plain concrete. The half- 
thickness values varied by a factor of slightly greater than 2, ranging from 
4.8 to 10.7 cm. The absorbers, in the form of 18-in. cubes, were exposed to 
the beam of neutrons and gammas obtained from the bombardment of a 
beryllium target by 16-Mev protons. The peak of the neutron energy dis- 
tribution was about 2 Mev, with a practical upper limit of about 9 Mev. 
The cubes had a 3-in. diameter hole in the center, permitting close-fitting 
slabs of the same material as the absorber to be placed in the path of the beam 
with varying thicknesses. 

Densities and water contents of these concretes are given in Table 5. No 
details of the grading of aggregates were given. Compositions of the mix- 
tures are given by weight percentages and the ordinary concrete was a 1:2:3 
mix. Pertinent properties relating to shielding, and the half-thicknesses for 
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TABLE 5—PROPERTIES OF VARIOUS CONCRETE MIXTURES FOR 
RADIATION SHIELDING* 





Percentage of concrete, by weight Unit weight Half-thickness, em| Diffu- 





wy. [———-|_ sion 


Type of Fine Coarse g per lb per 


length, 
concrete Watert | Cement jaggregate aggregate Iron! cu cm cu ft Neutrons} ak rays 


cm 





Ordinary 8.4 \ cole, ge 46.3 2.35 146. 10.7 
Ordinary + 
1.25 percent 


rt 13.3 5.6 

| 
Pyrex 3.0! 3.37 |27.78 46.55 2.39 149.: , | 

} 

| 

| 





Magnetite 
aggregate a 83.5 5 1} «63.78 236. 
Limonite 
aggregate A ee ee 38.5 35.36) 2.63 | 164.: 
Limonite + 
scrap iron ; 9.{ 26 . 3: 59. 3.24) 41 
Limonite + | 
scrap iron + 
0.7 percent 
Pyrex 2. 2.3 32.8 41.4 6: 




















*Data from reference 8. aces ; 
tWater added only; water present in limonite ore not counted. 


thermal neutrons and the total gamma radiation are also given in Table 5. 
It can be seen that the special concretes containing limonite were as effective 
against neutrons as water, due in large measure to the high water contents, 
and much more effective against the y-radiation. Although the actual y-ray 
energy was not determined, a mean value of 3.1 Mev has been taken as best 
fitting the data. The use of only a small amount of Pyrex glass appreciably 
reduces the half-thicknesses; this is presumably due to the 3 percent boron 
content of the Pyrex. In this reference,* data concerning the practical aspects 
of the use of limonite and scrap iron in concrete are also presented. The 
strengths were adequate for shield construction. The crushing and mixing 
call for some care because of the densities and the varying amounts of water 
in the limonite ores. 


Ordinary concrete 

Delano and Goodman™ conducted tests on radiation shielding properties 
of ordinary concrete, in connection with the shielding for a cyclotron. To 
close off the beam opening, when not in use, blocks of a 1:114:2 mixture with 
aggregate of )4-in. maximum size, made with a 5-51% gal. per bag W/C were 
used; the general shield concrete was a 1:2:4 mixture of 1-in. maximum size 
glacial sand and gravel aggregate concrete. The attenuation of neutrons 
and gamma radiation formed in the cyclotron was determined. The half- 
thicknesses were 3.9 in. for fast neutrons, 4.6 in. for thermal neutrons, and 
4.7 in. for the gamma radiation, of average 2.7 Mev energy. Shielding quali- 
ties were also discussed from theoretical considerations, and values for the 
mean free paths and diffusion length computed from the percentages of 
various elements and cross section data were presented. 


Jensen and Ritter'® also presented data for ordinary concrete, using a 
mixture containing 6.1 bags per cu yd of cement, with a water content be- 
tween 5 and 10 perceat, the actual value in the hardened concrete not being 
determined. Using a radium-beryllium neutron source, they determined 


half-thicknesses of 4.1 in. for the case of a plane source, and 5.6 in. for the 
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case of a spherical geometry, using an embedded source. They also presented 
a theoretical discussion for ordinary concretes with 5 and 10 percent water, 
and obtained values for-half-thickness of 6.3 and 4.6 in. for the 5 and 10 per- 
cent water-content concretes, respectively, for the spherical geometry. For 
their concrete the unit weight was 2.26 g per cu cm (141.1 lb per cu ft), close 
to that of Delano and Goodman where the unit weight was 2.20 g per cu cm 
(137.3 lb per cu ft). 


High-energy radiation shielding 

For high-energy radiation of 100 Mev and greater, such as is found in 
particle accelerators, the data are more limited. The most thoroughly de- 
scribed accelerator of this type is the 184-in. cyclotron at Berkeley. When 
operating a 200-Mev deuteron beam, neutrons of energy in excess of 90 Mev 
are sprayed and fan out around the axis of the beam. The cyclotron was 
shielded by a 5'4-(now 10) ft concrete wall, with a 2-ft concrete roof of un- 
specified composition.*® Attenuation measurements on 90-Mev neutrons 
gave a half-thickness for the concrete of 9.5 in.*! (about 2!% times the half- 
thickness for the neutrons of about 4-Mev energy from the Ra-Be sources). 
This value was determined both for ordinary concrete of 2.32 g per cu cm 
(144.8 lb per cu ft) unit weight, and also for barite concrete of 3.37 g per cu 
em (210.4 lb per cu ft). In comparison, the half-thickness for water was 16 
in. (about 7% times that at the lower energy). For the 280-Mev neutrons 
produced by the 350-Mev proton beam, the half-thickness of the concrete 
becomes 18 in.”? 

For moderate atomic numbers, in which class concrete falls, the half- 
thickness will vary approximately inversely with the unit weight. These 
values apply to the material directly in the axis of the beam. However, at 
these high energies, a considerable amount of radiation is scattered in all 
directions, decreasing as the forward angle departs from the beam axis. The 
required shielding thickness is obtained from equations depending on the 
angle between the beam and the desired point, and on the half-thickness of 
the concrete for the angle.2*? This half-thickness decreases with the angle 
since the angular radiation energy also is dependent on the angle. As a first 
approximation, the half-thicknesses for various energies are proportional 
to the average scattering cross sections. Thus in the case above, the ratio 
of the cross sections at 90 Mev to those at 270 Mev ranged from 0.52 for H 
to 0.67 for U, averaging about 0.55 for the moderate weight elements. There- 
fore the half-thickness at 90 Mev is about 0.55 that at 280 Mev. Thus, the 
required half-thickness at 280 Mev would be 9.5/0.55=17.3 in., as com- 
pared with the 18 in. mentioned above. 


Special cements 


In addition to the use of portland cement concretes containing various 
aggregates to provide high unit weights, the use of special cements has been 
investigated by Pavlish and Wynd.'® The major purpose is to obtain as 
high a water content as feasible, because of the desirable features of hydrogen 
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and oxygen in neutron shielding. They present data on various cementitious 
materials, the most promising of which are the magnesium oxychloride ce- 
ments. These have about twice the water-retention ability of normal port- 
land cement, permitting water contents of up to 0.9 g per cucm. The purity 
and grade of the raw materials from which the cements were made markedly 
affect the properties, certain cements which were prepared from various 
grades having a marked tendency toward cracking and crumbling. Magnesium 
oxysulfate cements all proved unsound, except for those made from hardened 
magnesium-oxychloride cement and magnesium-sulfate solutions. Other 
oxychloride cements, such as those with barium, zinc, and cadmium were 
prepared. With ordinary portland cement, various additions such as ben- 
tonite’* and gels were found to prevent settling of cement particles when 
high W/C ratios are used. Lumnite cement yielded water contents inter- 
mediate between portland cement and the magnesium oxychloride cements. 
Barium cements, having a high density, proved not resistant to water, and 
gave erratic results. 


DISCUSSION OF DATA 


Since the available experimental data on concrete for shielding are so 
limited, they must be supplemented by values computed on a theoretical 
basis to provide more complete curves and tables for design purposes. Be- 
cause of the complexities involved, particularly for the higher energy ranges 
where processes other than Compton scattering, such as pair production, be- 
come predominant for y-ray shielding, computed values are reliable chiefly 
in the 1-15 Mev energy range for y-ray shielding, and the curves have not 
been extrapolated beyond this range. Half-thickness values for ordinary 
concrete at energies of 10 and 13 Mev, and for heavy iron-bearing concretes, 
have been computed with regard to pair production as well as Compton 
scattering. For neutron shielding, the sensitivity of half-thicknesses to changes 
in composition precludes simple computation of such values and a curve 
based only on experimentally determined values is given. 

In general, the problem of shielding of reactors and particle accelerators 
presents an interrelationship between neutron and gamma shielding due to 
the secondary radiation, the effects of which are beyond the scope of this 
paper. An approximation to the required shield thickness for concrete can 
be obtained from the experimentally determined half-thickness for neutrons, 
with an added factor of safety in the form of an additional 1 or 2 half-thick- 
nesses being used. For small sources the combined neutron plus gamma 
shield thickness can be based on this approximation, with more assurance of 
attenuating sufficiently the secondary gamma-radiation when heavy concrete 
is used. Shielding tables and curves are therefore presented for y-ray and 
neutron shielding independently of each other. 


Gammeo-ray shielding 
Shielding against gamma radiation presents fewer problems than neutron 
shielding, and has been more widely investigated for concrete. Values com- 
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TABLE 6—HALF-THICKNESS OF CONCRETE FOR DIFFERENT y-RAY ENERGIES 





Density y-Tay energy, Half-thickness, 
Concrete { i 
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puted from theory agree quite well with experimentally determined results, 
and are considered to be of equal validity in obtaining the half-thickness 
curves. Table 6 summarizes half-thickness values for ordinary and heavy 
concrete, both experimental and computed. These values are shown in Fig. 
2. Computed values for ordinary concrete were obtained from the data of 
Hirschfelder and Adams** and Ruddy.'® To compute values for the heavy 
concrete, of the compositions given in Table 5, mass absorption coefficients 
for concrete and iron given in Table’3 of reference 24 were weighted for the 
percentages of iron in the concrete to obtain estimated absorption coefficients 
from which the half-thicknesses were computed. The values of Table 6 are 
given for attenuation factors of 10° insofar as possible. These values may be 
considered to include the effects of the build-up factors. 

Table 7 presents required shielding thicknesses for different attenuation 
factors for several y-ray energies. These values are derived from reference 
24 in the manner described for heavy concrete values for Table 6. The por- 
tions of the curves for heavy concrete shown in Fig. 2 for energies greater 
than 5 Mev are extrapolated from the data for ordinary concrete and for 
iron. The position of the curves is somewhat less certain for these portions 
than for those between 1 and 5 Mev energy, and a factor of safety of 1 or 2 
half-thicknesses should be added when basing design thickness on half-thick- 
nesses taken from the curves. 
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Fig. 2—Half-thickness values for ordinary and heavy concrete for varying y-ray energies 


TABLE_7—REQUIRED SHIELDING THICKNESS AND HALF-THICKNESSES OF PLAIN 
AND HEAVY CONCRETE FOR a FACTORS AND 7-RAY 
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Reduction factor 





Energy of Type of 


y-Tays 


concrete 





1 Mev 


Plain 
Magnetite 
Limonite 


Limonite + Iron 
Limonite + 
Iron + Pyrex 





3 Mev 


Plain 
Magnetite 
Limonite 


Limonite + Iron 
Limonite + 
Iron + Pyrex 





5 Mev 


Plain 
Magnetite 
Limonite 


Limonite + Iron 
Limonite + 
Iron + Pyrex 





*Required shield thickness, in. 
tHalf-thickness value. 
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In general, the half-thickness increases with gamma-ray energy up to 
about 10-15 Mev where it levels off, later decreasing as the effects of pair- 
production on y-ray absorption become more pronounced, particularly for 
the heavy concretes. The relative effects of pair-production for the heavier 
elements, combined with Compton scattering, on the concrete mixtures of 
varying proportions are rather difficult to compute for the higher energies 
and more experimental work is needed. 

The curves for concrete of various densities show the inverse relation 
between half-thickness and unit weight mentioned previously. All of the 
curves apply to broad-beam attenuation, where the effects of scattered radia- 
tion are included, and not to narrow-beam conditions where only the primary 
radiation is considered. Much additional work on X- and y-ray shielding, 
with particular reference to this question of broad and narrow beam attenua- 
tion, has been conducted by the National Bureau of Standards. 


Neutron shielding 

Neutron shielding in concrete is, in the lower energy ranges, much more 
sensitive to changes in concrete composition than is the case for gamma-ray 
shielding. Changes in water contents in particular, and the presence of 
small amounts of certain elements such as boron or cadmium, can make con- 
siderable differences in the half-thicknesses for shielding thermal neutrons. 
For fast neutrons, above rangc, of resonance capture and inelastic scatter- 
ing, the shielding properties are not so sensitive to materials, and the half- 
thicknesses will increase fairly regularly with increasing neutron energy. 

Table 8 gives the half-thicknesses for neutrons of various energies for 
different concretes. These half-thicknesses were experimentally determined, 
except for the value of 280-Mev neutron energy, where the value computed 
from the mean ratio of the total cross sections is taken as previously de- 
scribed. It should be noted that the neutron energies given in this table are 
those to which the half-thickness corresponds, but the values are usually 
determined by difference measurements with the actual neutron source 


TABLE 8—HALF-THICKNESS OF CONCRETE FOR VARIOUS NEUTRON SOURCES 


Water content Neutron | Half-thickness, 
Type of concrete | gpergofecone | energy | Geometry in. 





9 
9 
9 
6 


Ordinary —- 0.85 Mev Spherical 

Magnetite 0.112 0.85 Mev Spherical 
Ordinary 0.076 | 18.8-4.5 Mev Plane 
Ordinary 0.076 thermal Plane 
Ordinary 0.05-0. | thermal Spherical 
Ordinary 0.05-0 thermal Plane 
Ordinary | 90 Mev Plane 
Barite a 90 Mev Plane 
Ordinary a 280 Mev Plane 
Ordinary : | thermal Plane 
Ordinary .084 15-50 ev Plane 
Magnetite 055 | thermal | Plane 
Magnetite | .055 15-50 ev Plane 
Ordinary 'yrex ; | thermal Plane 
Ordinary + r x 15-50 ev Plane 
Limonite .186 | thermal | Plane 
Limonite F 15-50 ev | Plane 
Limonite + Iron : | thermal Plane 
Limonite + Iron ; | 15-50 ev Plane 
Limonite + Iron + Pyrex : | thermal Plane 
Limonite + Iron + Pyrex | 15-50 ev } Plane 
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Fig. 3—Relation between half-thickness of concrete and neutron energy 


yielding a range of energies. There is a wide variation in half-thicknesses for 
thermal neutrons for different concrete mixtures, undoubtedly due to differences 
in water content, as exemplified by the low half-thickness values for the limon- 
ite concrete, which had generally greater water contents. 


In general, an increase in water content results in a decrease in thermal 
neutron half-thickness. For the concretes listed, the variations in iron and 
Pyrex content render the significance of the half-thickness-water content 
relation open to question, since the effects of such variations could possibly 
outweigh the change of half-thickness with change in water content alone. 
Because of the limited data these effects cannot be separated. On the theore- 
tical considerations previously discussed, however, the half-thickness should 
decrease with increasing water content. The curve shown in Fig. 3 provides 
an indication of the increase in half-thickness with increasing neutron energy. 
In the low energy region below 30 Mev, where resonance absorption by 
certain elements may materially decrease the half-thickness of concrete 
containing appreciable amounts of such elements, the curve is not accurate, 
but is considered to yield a conservative value for half-thickness in this range. 
The decrease in half-thickness when the neutron energy is only slightly 
above thermal is shown by the values in Table 8 for neutron energies of 15-30 
ev, and also for the 0.85 Mev energy. 


In general, the complexities of neutron attenuation in concrete, particularly 
in the resonance regions, make it impractical to obtain simple relations be- 
tween composition and half-thickness, and experimental determinations of 
the half-thickness of the concrete mixture proposed for shielding are indicated. 
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Nuclear reactor shielding 
For the shielding of nuclear reactors, the reduction in neutron flux is often 
used as the basis for shield design: The following is presented only as an 
indication of procedures which may be used. This flux can be reduced to 
roentgen-equivalents-physical (rep) by means of equations given by Darden, 
Emerson, and Sheppard.*® The rep value depends on the material reacting 
with the neutrons according to 
rep per hr = 42 X 10°° nvBa,/A... errr Sai Seman A . (9) 
where nv = neutron flux (n per sq em sec) 
B binding energy of the neutron on the capturing nucleus, Mev 
Cg = capture cross section, barns 
A = atomic weight of the capturing nucleus 
For a flux of 10°, a value of 120 rep per hr was determined with a carbon 
target material.2° However, this method of computing source strength is not 
used extensively since it is the flux at the outside of the shield, rather than 
the reduction in rep through the shield, which is controlling and can be more 
easily measured. To relate the neutron flux to reactor power, Glasstone? 
gives the equation 
P = nN a; V/ 3.1 X 10".... : rg te ay ae (10) 
where P = reactor power, watts 
nv = neutron flux 
N = number of fissionable nuclei per cu em 
o, = fission cross section (545 barns for U2**), sq cm 
V = reactor volume, cu cm 
For many present-day reactors, the neutron flux ranges between 10° and 
10'4 n per sq cm see, so that, with a tolerance flux of 600 thermal neutrons 
per sq cm sec, a reduction factor of from 104 to 10'* would be required. For 
thermal neutrons, an average half-thickness for ordinary concrete of about 
4 in. can be taken, leading to shield thicknesses of about 5 to 13 ft. For heavy 
concrete, assuming a half-thickness of 3 in., these thicknesses would be 314 
to 10 ft. Actually, there is a reduction in neutron flux from that of Eq. (10) 
due to self-absorption, and the provision of a thermal shield, so that the 
concrete shield thicknesses required would be less. The metallic thermal 
shield is to protect the concrete shield from the heating effects of the neutron 
flux in the pile. 


The above considerations apply chiefly to reactors operating on thermal 
neutron fission. For fast reactors, where the fission process is carried on by 
fast neutrons, the half-thicknesses become greater. Relations between the 
cross sections for various elements change for the higher neutron energies, 
and the heavier concretes become more desirable proportionally for shield- 
ing the higher energy neutrons and gamma-radiation. 


Mechanical and concreting properties 

Concrete made with the special cements discussed has not yet proved 
satisfactory from either a long-time strength or durability standpoint. Heavy 
concrete, however, can be proportioned to have adequate mechanical prop- 
erties to permit its use for structural purposes. Moisture contents can be 
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equal to or greater than those of ordinary concrete. The major items of 
concern are workability in placing the concrete around the numerous ducts 
and segregation which results in loss of shielding ability. These factors 
can be controlled by adequate methods of mixing and placing. A minor 
problem is the potentially high form pressures arising with use of heavy 
concrete. The characteristics and use of the special cements demand some 
changes in usual procedures. In general, however, it is concluded that no 
major changes in concreting practice are required for radiation shielding, 
although considerable care is required to fit the procedures to the type of 
concrete used. 


DESIGN PROCEDURES 


An outline of a simple procedure for the design of radiation shielding will 
be presented based on the principles and data previously set forth. Although 
the design of shielding for reactors, particle accelerators, and other heavy and 
extensive pieces of apparatus, is quite complex and detailed, a rough result 
can be obtained, from which cost estimates may be prepared for executive 
decision as to whether plain or heavy concrete is to be used. The rough 
design also permits design of buildings and ancillary facilities to proceed 
independent of the final shield design. For minor shielding, such as storage 
facilities for isotopes or neutron sources for instrument calibration, or tracer 
chemistry, these procedures may be used for the final design. 


Outline of design procedure 


The procedure to be followed comprises several steps. 

(a) Determine the type and intensity of the radiation source. 

(b) From the source intensity and design or tolerance dose rate, compute the re- 
quired reduction factor. 

(c) For various possible types of concrete, compute the required shield thickness from 
the reduction factor and half-thicknesses. 

(d) From the source dimensions and shield thickness, determine the floor areas and 
volumes occupied by the various combinations. 

(e) Prepare sketches of the proposed shield; determine from the sketches locations of 
weak points and add thickness as required. . 

(f) From sketches and dimensions, prepare approximate cost estimates, including 
cost of formwork, concrete, and placing costs, for shields of proposed types of concrete. 

(g) Determine roughly the savings due to differences in required floor area, building 
size, and foundations. 

(h) If no other requirements are overriding, decide on type of concrete for use in the 
shield on basis of over-all cost estimates. 


Following the decision on the type of concrete to be used, the final design 
can be started. 
Calculation of shield thickness 

The type and intensity of the radiation can usually be obtained from the 
data of reference 11, the identification and amount of the isotope to be shielded 
being given. For pieces of apparatus, the data will normally be provided 
by the designers or users. 

From the data of Table 3, the source intensity in r per hr for the gamma 
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emitters can be computed 

using Eq. (5) or for a neu- 

tron source Eq. (6). Then, 

from the tolerance dose 

given in Table 1, or a lower 

level if specified, the reduc- 

tion factor is found by di- 

viding the source intensity INSIDE 

by the design intensity. eye . 
The number of half-thick- sai a SS 
nesses can be found from 

Eq. (4) or Table 2. The 

half-thickness value for the 

desired reduction factor can 

be found from Table 7, us- 

ing the next lower reduc- 

tion factor value for fac- 

tors not listed in this table. 


For other energies than a" ; aeegrrr a 
. a ° ig. Oomparison OF spherical shielding compo: ° 
listed, V alues may be ob- various types of concrete required for shielding a 1000-Curie 
tained by interpolation. Co” source 


For large reduction factors, 
greater than say 10*, the half-thickness value may be found using the proper 
curves of Fig. 2, with reasonably conservative results. Then, multiplying the 
half-thickness values by the half-thicknesses required will give the required 
thickness of shielding. Where the sum of the energies of cascaded gamma 
rays is used to obtain the source intensity from Eq. (5), only the energy of 
the most energetic ray is used in computing half-thickness values from Table 
7 or Fig. 2. For y-rays having energies in the range of those listed in Table 
7, the required shielding thickness may be obtained directly from this table. 

As an example of this method of calculation, assume that it is desired to 
design a concrete shield for a 1000-curie source of Co®, such as might be used 
in high-powered radiography. An internal diameter of the spherical (for 
simplicity) shield of 2 ft is specified to provide space for manipulating the 
source. Fig. 4 is a diagram of the set-up. From Table 3 or reference 11 it is 
determined that Co® emits two major gamma rays of 1.33 and 1.17 Mev 
(the low-energy y-ray and the Beta-emission may be neglected). Then from 
Eq. (5) the source energy is found to be 

I, =7 X 1000 X (1.33 + 1.17)/2? = 4375 r per hr 
at the inside surface of the shield. The gamma rays are cascaded and so are 
added. With a tolerance level of 6.25 mr per hr, the required reduction 
factor is 

R = 4375/0.00625 = 7 X 10° 
Then, from Eq. (4), the required number of half-thicknesses is 

N = 3.322 log 7 X 10° = 19.42 
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This is almost an equal number of half-thicknesses for an attenuation of 10°. 
The maximum energy y-ray being 1.33 Mev, the half-thicknesses obtained 
from Fig. 2, and by interpolation from Table 7 are: 





Half-thickness, in. 
Type of concrete een "rgenea 2 hm Sor ae Rare rane 
From Fig. 2 From Table 7 





. 
hia 


Plain | 2.82 2.59 . 
Limonite | 2.38 2.27 
Magnetite | 1.65 | 1.59 


Since only 5 ft or less thickness of shield is required, the use of scrap iron 
has not been considered, both from the small total volume and possible placing 
difficulties with potential segregation problems. Then the total shield thick- 
nesses become; using the values obtained from Fig. 2: 


Type of concrete Total shield thickness, in. 
Plain 54.76 
Limonite 46 .22 
Magnetite 32.04 


If we add two half-thicknesses as a factor of safety, to take care of miscen- 
tering of the source, then the approximate required thickness becomes 60 in. 
for plain concrete, 51 in. for limonite concrete, and 36 in. for magnetite con- 
crete. ‘ 

The total volume of concrete required and floor area occupied by the shield 
then become: 


Type of concrete Volume, cu yd Area, sq ft 


Plain 52.1 154 
Limonite 36.7 98 
Magnetite 18.2 79 


Economic factors 

The amount of magnetite concrete needed is less than 40 percent that of 
plain concrete. The area to be formed is almost halved by use of magnetite 
concrete rather than plain concrete. Even with the higher cost of the heavy 
concrete, which would probably be not more than three times that of plain 
concrete, the savings resulting from use of heavy concrete would make such 
shielding desirable. When the factor of saving of floor space is included, the ; 
savings become greater. ea 

For shielding large reactors, where thousands of yards of concrete are 
required, and space is not at such a premium as for storage of sources in a 
building, the economies may differ, particularly since the formwork is re- ; 
usable in sections, and would not contribute greatly to savings. Foundation * 
problems for heavy concrete shields may add to the expense, even though the ‘ 
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building costs may be less, These and other structural factors require much 
more attention, before a decision as to the type of concrete to use for shielding 
‘an be made. 


FUTURE WORK 


The major difficulty in designing radiation shielding concrete is the paucity 
of experimental data for various conditions of radiation energies and concrete 
types. Much work in this field is, of course, still classified for security pur- 
poses. Much additional needed work can be conducted without secrecy. 
Filling in the gaps of the half-thickness tables for concretes of various com- 
positions for both gamma and neutron radiations, particularly the higher- 
energy levels, is the major task. The technical problems involved in the 
development of heavy concrete mixtures have not been extensively studied. 
The question of segregation, workability, and form pressures for these con- 
cretes requires attention from the concrete technologist to provide sound, 
homogeneous concrete. The use of concrete of high water content, so de- 
sirable for neutron shielding, must again be considered respectable, and study 
of the properties of such concretes must be made to secure adequate structural 
properties. Methods for placing, without segregation, such types of concrete 
in fairly massive structures must be considered. 

The study of special cementing media, and the effects of different additives, 
such as boron, on the shielding properties, need further investigation. Con- 
crete that is capable of operating at high temperatures for indefinite periods, 
yet retaining its water content, needs to be developed. The effect of radiation 
on the properties of concrete, particularly its continued shielding effective- 
ness, is of considerable importance, and little published information has 
appeared on this question. In all of these items, the assistance of the concrete 
engineer, working with the physicist and the chemist, is needed. 

Design and construction engineers should learn and adapt new technics 
for securing effective, economic, concrete shielding. If heavy high-water 
content concrete is desirable for nuclear shielding, then the concrete engineer 
must provide it. If the addition of elements such as lithium, chlorine, boron, 
and others is beneficial for neutron shields, the possible undesirable effects, 
such as delayed setting, or chemical reaction with the other ingredients, must 
be determined and overcome, so that these additions may be used successfully. 

To solve these problems, the concrete engineer must synthesize both past 
knowledge in concrete, future experimental work, and study of the shielding 
phenonema. The problems are many; the rewards, in the form of widespread 
nuclear power, are great. 
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Title No. 50-3 


Absorption by Concrete of X-Rays and 
Gamma-Rays 


By B. E. FOSTERT 


SYNOPSIS 
The mechanism of the absorption of X-rays and gamma-rays by various 
shielding materials is discussed. A review of the experimental work performed 
by the National Bureau of Standards to establish data with which concrete 
barriers may be designed is presented. A brief discussion of the methods used 
in protective barrier design is included and the relative merit of several barrier 
materials, including heavy concretes, is discussed. 


INTRODUCTION 


X-rays were discovered by Roentgen, a German physicist, in 1895. Their 
ability to penetrate opaque matter and to show by shadows, cast on a photo- 
graphic film or a fluorescent screen, the presence and shape of concealed ob- 
jects made them of immediate practical value. Three months after their 
discovery, X-rays were used in a Vienna hospital in connection with surgical 
operations. As the techniques of producing X-rays were improved and more 
penetrating rays became available, wider employment of X-rays in medical 
diagnosis became possible and therapeutic uses were found. 

In other fields of applied science uses have been found for X-rays which 
approximate in importance their application in medicine. A widely employed 
technique applies X-rays in the analysis of crystal structure, and through 
them also other information is obtained on solids and liquids. Of greatly 
expanding interest is the use of X-rays to search out flaws in castings, both 
large and small, and to inspect other materials for flaws or foreign objects. 
During World War II more X-ray film was used in industry than in hospitals 
and medical offices. 

The early workers had little or no knowledge of the dangers connected 
with exposure to X-rays and many of these pioneers lost fingers and even 
life as a result. In today’s installations the operators and other personnel 
in the vicinity are usually protected by absorbing shields around the X-ray 
source and by suitable protective walls which will be referred to here as 
barriers. 

The biological effects of exposure to X-rays are cumulative although not 
necessarily in a linear manner, for some repair of damage continually takes 
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place. The permissible dose rate for an operator who is continuously exposed 
to X-rays during working hours, therefore, is enormously lower than that for 
a patient where treatment over a restricted area of the body may save or 
prolong life. 

The ability of X-rays to penetrate a given material depends upon the 
voltage of the X-ray tube; the higher the voltage (up to about 3,000,000 volts 
for lead and 15,000,000 volts for concrete), the greater the penetration and 
hence the need for thicker protective barriers. The most effective shielding 
material that is available in quantity is lead and it has been employed to a 
great extent. However, with higher and higher voltages being used both 
in medical and industrial application, the cost of adequate lead shielding 
becomes excessive and the mechanics of supporting a thick lead wall presents 
problems. Of perhaps even greater importance is the fact that the advantage 
of lead over lighter materials on a pound to pound basis, which is enormous 
in the lower voltage range, is far less in the one- and two-million volt range 
frequently used today. 

The need for a relatively inexpensive shielding material and preferably 
one which is structurally self-supporting is evident. Above 500,000 volts 
portland cement concrete meets these requirements in all cases where space 
is available for the relatively thick walls required. 

A few months after the discovery of X-rays, Becquerel discovered that 
the double sulfate of uranium and potassium emitted a radiation which 
penetrated thin sheets of metal and other opaque materials. It was sub- 
sequently found that several of the heavier elements emit, among other 
things, electromagnetic waves called gamma rays which are identical in their 
properties, except source, with X-rays. The y-rays are given off sponta- 
neously and the rate and penetrating power in a given material is character- 
istic of the parent element. Radium in equilibrium with its disintegration 
products is the most suitable of the available naturally-occurring radioactive 
materials for use as a y-ray source because of its high activity and long life. 
In the past few years radioactive forms of lighter elements produced in atomic 
piles or by accelerators such as cyclotrons have become available in some 
quantity, cobalt-60 being an example of an extensively used source of y-rays. 

A variety of high energy particles are produced experimentally in labora- 
tories studying nuclear structure and atomic energy. Those consisting of 
charged particles are easily stopped by barriers which are relatively thin 
compared to those required by X-rays of similar energy. Neutrons, by con- 
trast, have no charge and as a result, even those of low energy, have great 
penetrating power. The problem of attenuation of neutrons is beyond the 
svope of this paper but is covered in the companion paper by Callan.* 

The National Bureau of Standards has taken an active part in the determi- 
nation of standards for the protection of those working both with X-rays 
and y-rays, in the preparation of handbooks !:?:3-+.5 for use in protection design, 
and in the measurement of the effectiveness of various shielding materials. 


*Callan, Edwin J., “Concrete for Radiation Shielding,” ACI Journat, Sept. 1953, Proc. V. 50, p. 17. 
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It is believed that many readers will find of interest a brief discussion of the 
shielding properties of concrete, a short review of the work on this subject 
by the Bureau’s Radiation Physics Laboratory, and a description of the X- 
rays and y-rays against which protection is required. No attempt is made to 
present, in detail, methods of design for concrete barriers, but references 
are given to sources of such information. 


PRODUCTION AND CHARACTERISTICS OF X-RAYS 


X-rays result as secondary effects in several types of atomic and nuclear 
processes, but the sources used in medicine and industry consist of heavy 
metallic “targets” being struck by fast-moving electrons. The entire process 
takes place in a vacuum. The electrons are “boiled off’? a hot filament, 
as in a radio tube, and given a high velocity by one of several methods. In 
the usual X-ray tube the acceleration is produced by application of a high 
voltage between the target and the electron source. Two other types of 
source which are now being built commercially are the betatron and the 
electron synchrotron. In both, a magnetic field causes the electrons to travel 
in circular orbits. In the betatron a varying magnetic field induces an accel- 
erating electric field which acts upon the electrons. In the synchrotron an 
alternating field is applied in synchronism with the orbital motion of the 
electrons in a manner which gives the electrons a boost in energy during each 
trip around the orbit. 


As the electrons are suddenly stopped or slowed down in the target a por- 
tion of their energy is radiated as electromagnetic waves. X-rays travel with 
the speed of light and a particular ray has a definite wave length and fre- 
quency just as do its companions, light, heat, and radio, in the electromag- 
netic spectrum. A beam of X-rays is not, however, a continuous wave; it is 
composed of a host of small packets called quanta or photons.* In addition to 
having wavelike properties each photon has the properties of a small particle, 
with an effective mass, momentum, and energy which may be calculated 
from its particular wave length or from its frequency. In our discussion 
of the absorption of X-rays it will be more convenient to consider them as 
high energy particles rather than as waves. 


In the usual process, an X-ray photon is produced by collision of a single 
electron with an atom of the target and, therefore, it cannot have more energy 
than the electron which produced it. The electron’s initial energy, that is 
the energy just before entering the target, is determined by the accelerating 
voltage across the X-ray tube, but the probability of the electron being 
brought to rest by a single encounter with an atom is low. As a result, pho- 
tons of a wide range of energies are produced by electrons whose initial ener- 
gies may all have been the same. The maximum energy of any photon is 
strictly limited by the tube voltage. For that reason it is customary to speak 
of 150 kilovolt X-rays or 1 million-volt X-rays and by such terms is meant the 


*These terms are also applied to light and other electromagnetic radiations. 
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X-rays produced by a tube, the maximum applied voltage of which is the 
number given. 


The energy attained by an electron “falling through” a potential dif- 
ference of one volt is called an electron volt (ev). For high potentials these 
become thousand-electron-volts (kev) or million electron volts (Mev). 
In a particular operation the highest energy X-rays produced will have an 
energy (Mev) which is numerically equal to the peak tube voltage (Mv), 
but in general the photons will have lower energies which are distributed 
over a wide range of values. Betatrons and electron synchrotrons, while not 
involving extremely high voltages do produce electron accelerations which 
correspond to those which would be produced by a very high voltage of 
definite value. We might speak, therefore, of an effective Mv for an electron 
accelerator, but the current practice is to designate the operating level by 
indicating the energy attained by the X-ray-producing electrons in Mev. 
The X-rays produced by a betatron operating at 30 Mev will have a range 
of energies the highest of which are 30 Mev. 

The units kev and Mev are also applied to y-ray photons, a 1 Mev photon 
having an energy equal to that gained by an electron in being accelerated by 
1,000,000 volts. 

The electron-volt or million-electron-volt is a measure of the energy of the 
individual photon and determines its penetrating power in a given absorber. 
It is evident that in shielding against a beam of photons we are interested not 
only in the properties of the photons, but also in how many of them there are. 
The number is proportional to the number of electrons hitting the target, 
or in other words to the X-ray tube current. This is ordinarily of the order of 
milliamperes (ma). 


The unit of X-ray dosage is called a roentgen, and may be defined as the 
quantity of radiation which will lose 83.8 ergs of energy by absorption in 
passing through lg of air. The dose rate is expressed in roentgens per unit 
of time such as r per min. The roentgen is not a measure of the energy of 
radiation or of the type of radiation, but rather of its effects under specified 
conditions. It is currently considered that the permissible weekly dose for 
those exposed to X-rays is 0.30 r.4. This corresponds to 6.25 milliroentgens 
per hr, or 0.104 milliroentgens per min., assuming 48 hr of uniform exposure 
per week. 


At energies appreciably above 2 Mev it becomes difficult, if not impossible, 
to measure the dose in roentgens and hence the unit loses its value at these 
higher voltages. It has been recommended that in the photon range of 2 
Mev to 100 Mev the unit erg per gram be used. The erg is the fundamental 
unit of energy and the dose therefore is the number of ergs of radiation energy 
absorbed in 1 g of tissue. The dose rate may be expressed as erg per gram- 
sec which is analogous to the unit roentgen per sec used below 2 Mev. The 
currently accepted permissible energy dose for X-rays is 30 ergs per g in one 
week. The actual cumulative exposure time may be considerably under 48 








CONCRETE FOR RADIATION SHIELDING 49 


hr per week, but this is often ignored in protection planning because the extra 
cost of the slightly thicker wall required is negligible. 


SOURCES AND CHARACTERISTICS OF GAMMA RAYS 


As pointed out in the introduction, gamma rays are identical with X-rays 
except that they are produced by a spontaneous rearrangement in the nucleus 
of the atom. The energies are measured in Mey as for X-rays. A particular 
type of source usually emits several groups of photons, the energies of all 
photons in each group being the same and characteristic of the source. In 
this respect a y-ray source is in contrast to an X-ray tube, where the photon 
energies vary continuously over a considerable range. 

The unit of radioactivity is the curie which is defined‘ as the quantity of 
any radioactive source in which the number of disintegrations per second 
is 3.7 X 10". The number of y photons produced per disintegration and 
the energies of these photons both depend on the type of radioactive source. 
Two 1l-curie sources of different types will not then, in general, produce the 
same dose rate at a given distance. Hawever, the dose rates at equal dis- 
tances from two sources of the same type will be directly proportional to 
the curie ratings of the two sources. The proportionality constant is called 
the emission constant and may be defined as the number of roentgens per hr, 
measured at 1 m, per curie. For radium sealed in a 0.5 mm thick platinum 
capsule the constant is 0.84 while for small unconfined cobalt-60 sources, 
it is 1.36. 

ATTENUATION OF X-RAYS AND 7-RAYS 
General 

Attenuation of a beam of photons in matter can take place in a number of 
fashions. That resulting from coherent scattering by crystal planes, scatter- 
ing by nuclei, and excitation of nuclei is of negligible importance in the range 
of X-rays and materials under discussion. Most of the attenuation is pro- 
duced by photoelectric absorption, Compton scattering and absorption, and 
electron pair production. The contribution of each of these processes to the 
total attenuation depends upon the photon energy and upon the kind of 
atoms making up the absorber and is almost completely independent of the 
latter’s chemical combinations. We shall speak of heavy and light elements 
and when so doing will be referring to the weights of the individual atoms 
rather than to lb per cu ft. The weights of the atoms, in turn, are roughly 
proportional to the number of electrons in each, and in the X-ray region 
for which concrete is most advantageous as a shielding medium, the barrier’s 
effectiveness is determined largely by the total number of electrons. 
Photoelectric absorption 

This process gets its name from the somewhat similar process by which 
light produces current in a photoelectric cell. In the one case a light photon 
ejects an electron from the cell surface, in the other an X-ray photon ejects 
an electron from an atom of the absorber. In both cases the photon dis- 
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appears and any of its energy in excess of that required to remove the electron 
appears as kinetic energy of the ejected electron. 

The effectiveness of an absorber in attenuating a beam of X-rays by the 
photoelectric process depends upon the relation between the energies of the 
X-ray photons and the energies required to eject the various electrons. The 
probability of absorption through removal of a given electron is greatest 
for a photon whose energy is approximately equal to the binding energy of 
that electron. If the photon energy is less than the binding energy, no inter- 
action can take place, while the probability of interaction rapidly decreases 
with an increase of photon energy over binding energy. For the lighter atoms, 
such as found in ordinary concrete, the binding energy of the electrons varies 
from a minimum of a few ev for outer electrons to about 4 kev (innermost 
electrons of calcium). These values are so far below the energy of the X-rays 
for which protection is required that the photoelectric effect plays a minor 
part in the attenuation of X-rays by concrete or by other materials composed 
of light atoms. In lead, by contrast, the binding energy of the electrons 
varies from a few ev to almost 88 kev so that photoelectrically lead is an ex- 
cellent absorber over a wide range of photon energies. Even at 500 kev half 
of the total absorption of X-rays by lead results from this process. 

Compton scattering and absorption 

In contrast to the inelastic collisions of the foregoing process the Compton 
effect results from elastic collisions between photon and electron. It is named 
after A. H. Compton who received the Nobel Prize for its discovery. We may 
look upon the photon and electron involved in a collision as two billiard 
balls, which are not however necessarily of the same weight. In this type of 
collision the laws of ordinary mechanics, with conservation of momentum 
and conservation of energy, are followed just as they are on the billiard table, 
and the changes in momentum and energy may be calculated for any partic- 
ular angle of recoil. In this process the individual X-ray photon gives a 
portion of its energy to the electron and has its direction changed. Both 
effects are of importance. The loss of energy is a true absorption and is 
designated by the term Compton absorption. The change in direction suffered 
by the photon is designated Compton scattering. In general, the scattered 
photon, being at an angle with the primary beam, must travel through a longer 
path to get through the barrier and its reduced energy as compared to the 
primary photon usually results in lower penetrating power. 

The number of photons that undergo such a collision and lose energy by 
so doing, and the number of successive collisions experienced by a given photon 
are determined, approximately, by the total number of electrons in the path 
of the X-rays. It was stated above that the number of electrons in various 
types of atoms is roughly proportional to the latter’s weights. If this were 
strictly true, a pound of one material would contain the same number of 
electrons as a pound of any other material. And from this it follows that a 
pound of concrete would be equivalent to a pound of lead or any other ma- 
terial in attenuating X-rays in the higher voltage ranges by the Compton 
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effect. Actually a pound of ordinary concrete contains about 20 percent 
more electrons than a pound of lead or barium and 5 percent more than iron. 
In this particular manner of attenuation concrete is more effective, on a 
weight basis, than most other barrier materials. 


Absorption by electron pair production 


X-ray photons of energy 1.02 Mev or more may be attenuated by this 
third process. Under certain conditions and close to the nucleus of an atom 
the photon may produce a pair of electrons, one negative and the other posi- 
tive in charge. The photon disappears in this process and the energy in 
excess of the 1.02 Mev required to create the electrons appears as kinetic 
energy divided between the latter. This transformation of energy into matter 
is more likely to occur in the vicinity of heavy atoms than light ones so lead 
is far superior to concrete as an absorber of X-rays by this process. 


Secondary effects 


The actual attenuation process in a protective barrier is much more com- 
plicated than outlined in the brief discussion above. Electrons ejected from 
an atom by the photoelectric process are replaced by other electrons and in 
most cases another X-ray photon is produced. The positive electron result- 
ing from pair production soon loses its kinetic energy by collision and finally 
combines with a negative electron. Both electrons disappear and their 
mass shows up as two oppositely directed 0.51 Mev photons called an- 
nihilation radiation. Other secondary photons may be produced by high 
energy electrons, which themselves are secondary effects. These and other 
processes take place in the absorbing barrier, but the secondary effects other 
than Compton scattered photons are of small concern in the present problem 
because of two properties. The secondary photons (except Compton ones) 
are radiated with equal probability in all directions and their penetrating 
power is usually less than that of primary photons. 


Relation of attenuation to barrier thickness 


The relation between barrier thickness and absorption is not a linear one. 
A wall one-half as thick as another will, in general, let more than twice as 
much radiation through. Let us assume that a wall is divided into layers 
of equal thickness, and that each layer is of such thickness that it will absorb 
V4 of the radiation striking it. The intensity on the far side of the first layer 
is then 14 (assuming a total of one unit to start with), that after two layers 
is 4 X &% = XM, that after three layers 4 XK 4% = \%, and soon. A thick- 
ness which will reduce by one-half a beam of X-rays of a certain Mev is called 
a half-value layer (HVL) for that quality of X-ray (or y-ray). Mathemati- 
cally the intensity at any point in a barrier is given by the formula 


I, = Ie** 


where J, is the intensity after passing through z units of thickness 
I, is the original intensity 
» is the linear absorption coefficient and has the units of 1/z 
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If we consider a beam of X-rays 1 sq ecm in cross section, we may look 
upon y» as the absorption percu cm. Of greater interest in comparing the 
absorption of various materials, and various states of the same material, is 
the absorption per gram and this is obtained by dividing the linear absorption 
coefficient by the material’s density. The resulting term yu/p is called the 
mass absorption coefficient. 


Broad-beam vs narrow-beam conditions 

In making laboratory measurements of absorption coefficients from which 
required protective barrier thicknesses may be computed, it is necessary to 
distinguish between the so-called broad-beam and narrow-beam conditions. 
Let us assume that a fine pencil of X-rays is directed at an absorbing barrier 
and that a measuring device is positioned on the far side of the barrier in 
such a manner that it will intercept all of the undeviated rays coming through 
from the source, but none of the deviated ones. Rays resulting from Compton 
scattering will travel at an angle with the primary beam and hence will not 
be measured. The attenuation calculated from these measurements will 
include not only that due to the photoelectric effect, to pair production, and 
to Compton absorption, but also that due to Compton scattering even though 
the scattered photons may pass through the barrier at some point and miss 
the detector. From data obtained under these conditions narrow-beam 
absorption can be computed. 

If the same measuring device is placed ina broad beam of X-rays, scattered 
photons from portions of the beam not in line with the detector may also 
strike it and be measured. In general, then, it is seen that narrow-beam 
measurements indicate greater attenuation than broad-beam ones. Since 
narrow-beam conditions seldom exist in practical installations, it is necessary 
that in all but exceptional cases broad-beam attenuation data be employed 
in the design of protective barriers. 

It should be noted, however, that as the photon energy is pushed up into 
the higher million-volt ranges the angle of scattering becomes smaller be- 
vause the effective mass of the photon is very large compared to that of the 
electron. In the billiard table analogy a moving heavy ball would be de- 
flected but slightly by a collision with a light one. In addition the contribu- 
tion of Compton scattering to the total attenuation is smaller in this voltage 
_ range. The combination of these two effects results in less difference between 
narrow- and broad-beam conditions than in the lower and moderate voltage 
ranges. 

Dependence of absorption coefficients on barrier thickness 

It is usually found that the measured absorption coefficient varies with 
the thickness of the barrier. This is brought about by several factors. Since 
X-ray photons of various energies have different penetrating powers, each 
has a different absorption coefficient. The coefficient measured for a heter- 
ogeneous beam is therefore a kind of average. As the beam traverses the 
absorber the less penetrating photons are absorbed to a greater extent than 
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the more penetrating ones. The unabsorbed photons remaining in the beam 
have on the average more penetrating power than the average of those in the 
original beam and hence the measured coefficient for a thick absorber tends 
to be less than that for a thin one. 

Another process leads to an opposite effect. For the energy range in which 
photoelectric absorption and pair production are small compared to the 
Compton effect, the attenuation in thin barriers is produced largely by Comp- 
ton absorption, the scattered photons, for the most part, passing through 
the barrier along with the undeviated ones. In thick barriers, however, 
many of the scattered photons, particularly those produced in the first layers, 
are absorbed within the barrier. This loss of energy contributes to the total 
attenuation and results in larger absorption coefficients and smaller half- 
value layers being found, under broad-beam experimental conditions, for 
thick barriers than for thin ones. 


Absorption by concrete compared to lead 

Having discussed the various mechanisms which produce attenuation of 
X-rays in absorption barriers we may now bring their effects together and 
compare the total absorption obtained in lead and concrete as a function 
of the photon energy. In Fig. 1 the mass absorption coefficients for lead and 
for concrete (photoelectric, Compton, pair production, and total) are shown 
as a funetion of the photon energy. 

Data for the curves are taken from unpublished work at the National 
Bureau of Standards by Gladys R. White. The coefficients given are for 
narrow-beam conditions and are based for the most part on theoretical com- 
putations, but experimental data were used as a check. The concrete con- 
sidered is that with a silica aggregate. 

A comparison of the curves shows clearly why lead is the most desirable 
shielding material at relatively low energies. Concrete becomes of almost 
equal efficiency on a pound to pound basis in the range of one-half million to 
several million electron volts. At still higher energies lead is superior to 
concrete, on an equal weight basis, but is still not competitive on a cost basis 
in installations where space and weight are not of paramount importance. 


EXPERIMENTAL DATA 
X-rays 

In 1939 the National Bureau of Standards published the results of measure- 
ments made on the attenuation of X-rays by concrete as compared to that 
by lead. The investigation covered the range of 200 kv to 400 kv and the 
concretes included gravel and limestone concretes, solid concrete block of 
commercial manufacture, and neat cements, the specific gravities varying 
from 2.05 to 2.47. 

From this work it was determined that the effectiveness of various con- 
cretes in absorbing X-rays in this voltage range was directly proportional 
to their densities. In other words, the weight per unit cross section of the 
concrete barrier determines the attenuation; two walls, one with half the 














JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


September 1953 






























































0.26 ~ TTTT 
ozal ci /\ | ot Mey ge SET 
si et 5.17 aT r MASS ABSORPTION COEFFICIEN S 
ut TTI memeas 
WE Ei)! ee 
ous 2S OR A) AG 6 Sh A a i RE BRET 
eatin tain | 

acc: ice Bie. 2 A Ah A BL | 7 

oO \ || Pitt Ue oe | | 

oe SE BSE BLE ee rT Ti 

‘sS 0.14— \ | V ALL LEAD | | | | 

3 eps \ |) TOTAL TTT 

= ore} —1\ 1. CATTENUATION ||| 

on \| LI 

E > 'lcomPTon s, \ | | 

Lj 0.08 EEreeT TK + $j 4 4 SAT 

O | | NN SE Bk Re Oi | 

ae ais >“ TPRODUCTION 

my 0.04 PHOTOELECTRIC = tee iT 

Q oe] ABSORPTION TN) aril : 

z= 000 ba Se 

© 0.16 

ee 

oO 014 

o) 

a 

g 

= 










" CONCRETI E SLICA AGGREGATE). 











0.12 nis 
010 TRETENUATION 
0.08 
0.06 
0.04 |+— +++ +1 4 | \ 
— SeroToeLetTRG "PIR PRODUCTION = —+-T TTI | 

Ly Sen Siete 
a.“ 10 100 


Mev 


Fig. 1—Calculated narrow-beam mass absorption coefficients for lead and concrete as a function 


of X-ray energy 


specific gravity but twice the thickness of the other will have equivalent 
X-ray absorbing ability. Other computations showed that the weight per 
unit area of concrete was 11.8 times that for an equivalent lead barrier for 


200 kv X-rays, but only 3.5 times as great for 400 kv X-rays. 


Both of these 


results are in qualitative agreement with the theories of absorption discussed 


above. 


The measurements were made with, and the data apply only to 
narrow-beam X-rays. 














w 


My src 





CONCRETE FOR RADIATION SHIELDING 55 


80 

Fig. 2—Relation between thick- 

ness of concrete and lead to 

produce equivalent attenuation of 
various voltage X-rays 


3) 8 


$ 


LEAD THICKNESS 
$ 


CONCRETE THICKNESS 


1 + } + + + — ae + | =e m6 
0 = = re ee 


| 
+—+—_+— 
| 





° 
© 0200 400 600 800 1000 1200 400 1600 1800 2000 
KILOVOLTS 


Results of further work on the absorption of narrow-beam X-rays by lead, 
steel, and concrete were published in 1947.’ In this investigation measure- 
ments were made in the voltage range of 400 kv to 1400 kv. Only one type 
of concrete was tested as an absorber. It was found, however, by comparing 
the attenuation produced by steel with that by concrete, and making a linear 
electron density correction, that the linear dependence of absorption upon 
density holds for light elements in the range from 400 kv to 1400 kv just as 
it does in the lower voltage range. Fig. 2 and 3 reproduced from reference 
7 show the relation between equivalent lead and concrete (147 lb per cu ft) 
thicknesses and equivalent lead and concrete weights for various voltage 
X-rays. 

Attenuation data developed in the above work are for narrow-beam con- 
ditions. In many applications, particularly those industrial uses where it is 
desirable to photograph large areas at one time, broad-beams are used. To 
establish data for use in the design of adequate shielding in such cases, measure- 
ments were made of broad-beam attenuation by 130 lb per cu ft concrete 
block of 1 and 2 Mv X-rays from an X-ray resonance generator with a target 
of the transmission type.® 

Further studies of the relation between broad- and narrow-beam attenua- 
tion of 500 to 1400 kv X-rays in lead and concrete were reported in 1948.° 
In these experiments the geometry was arranged so that the X-ray beam 
irradiated areas of 3, 13, 26, and 37 in. diameter of the barrier under test. 
Measurements of the attenuation produced by concrete walls up to 24 in. 
thick were made for 500, 600, 800, 1000, and 1400 kv X-rays. In all cases 
there was little difference between the curves obtained for the 26- and 37- 
in. beams which indicates that for this apparatus the results obtained with 
the 37-in. beam can be considered as broad-beam data. The data for three 
of the voltages are shown in Fig. 4. 

The curves show that the difference between narrow- and broad-beam 
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thickness requirements is of the order of 1% half-value layers. This corre- 
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sponds, roughly, to 2 to 5 in. of extra thickness, depending upon the voltage 
and attenuation, required for broad-beam as compared to narrow-beam. 
Except in special cases it was concluded that “For the majority of X-ray 
installation designs ... the broad-beam attenuation curves should be 
used.”’ 

Table 1 gives the thickness of 147 lb per cu ft concrete required for pro- 
tection against broad beams of 1- and 2-Mvyv X-rays. The values are from 
reference 5 in which data for 1-Mv X-rays are based on the work reported in 
reference 9 while those for 2-Mv are based on the work reported in reference 
8. 


To obtain data from which protective barriers could be designed for photons 
up to 100 Mev, the National Bureau of Standards made attenuation measure- 
ments on concrete with X-rays from a 50-Mev betatron. The unpublished 
results of this work, by F. Kirn and R. Kennedy, will form the basis for a 
forthcoming NBS handbook on personnel protection for betatron-synchrotron 
radiation up to 100 Mev. 

Betatron energies of 6, 10, 20, 30, and 38 Mev were employed together with 
147 lb per cu ft concrete. It was found that attenuation of X-rays was the 
same for betatron operation at 30 and 38 Mev and was not much different 
from that at 20 Mev. The energies indicated are the maximum ones pro- 
duced by the apparatus, the average of all photons being considerably less. 
It is seen, therefore, that these measurements are in the region of the flat 
part of the mass absorption curve for concrete (Fig. 1) and the slight change 
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TABLE 1—THICKNESS OF CONCRETE OF DENSITY 147 LB PER CU FT REQUIRED 
FOR PROTECTION AGAINST BROAD BEAMS OF X-RAYS FOR THE CURRENT, 
DISTANCE, AND VOLTAGE INDICATED 

















Thickness of concrete, in. 
Distance 1-Mv X-rays 2-Mv X-rays 
from source, ft —, 
1 ma 3 ma | 5 ma | 0.5 ma 1.0 ma | 1.5 ma 
5 30.5 32.5 33.5 42.5 45.0 46.5 
8 28.0 29.5 30.5 39.5 42.0 | 43.5 
10 27.0 28.5 29.5 | 38.5 40.5 42.0 
15 24.5 26.5 27.5 } 35.5 38.0 39.5 
20 23.0 25.0 26.0 34.0 36.0 37.5 
50 18.5 20.5 21.0 28.0 30.0 31.5 
100 15.0 17.0 18.0 23.5 | 25.5 27.0 





with voltage is therefore to be expected. Since the absorption coefficient 
curve rises for higher energy photons, the 38_ Mev data may be applied with 
safety for voltages up to at least 100 Mev. Table 2, calculated from the 
attenuation curves may be used in the design of concrete barriers for X-rays 
in the 6 to 100 Mev operating range of betatrons or synchrotrons. 

In the energy region above about 8 Mev, neutrons are produced by inter- 
action of photons with atomic nuclei. Likewise, high energy electrons may 
be present. It has been concluded that if complete X-ray protection is pro- 
vided by concrete, the neutrons and electrons present near an electron ac- 
celerator used for X-ray production in the energy range investigated (2-100 
Mev) will be adequately attenuated under most conditions. 


y-rays 

Among the common sources of y-rays are radium (sealed in a capsule and 
in equilibrium with its short-lived disintegration products) and cobalt-60. 
The former gives off y-rays of the energy range 0.19 to 2.2 Mev while the 
latter emits rays with energies of 1.17 and 1.33 Mev.'® The National Bureau 
of Standards has published results of tests on the attenuation of y-rays from 
radium by concrete and on those from cobalt-60.'2 Both sets of measure- 


TABLE 2—THICKNESS OF 147 LB PER CU FT CONCRETE REQUIRED TO REDUCE 
BETATRON-PRODUCED X-RAYS TO A WEEKLY PERMISSIBLE DOSE OF 30 ERGS 
PER GRAM, ASSUMING A UNIFORM EXPOSURE FOR 48 HR PER WEEK 

















Dose rate Distance | Inches of concrete at betatron 
of source, to occupied | energies indicated 
ergs per g-min. space, — — — 
at 3 ft from target ft | 6Mev | 10Mev | 20 Mev | 30Mev | 38 Mev 
108 50 _ [ai es: Ban wet cee | 87 
100 53 61 73 75 76 
| | 
104 12.5 | = a 88 90 91 
25 56 64 77 79 80 
50 48 55 66 | 68 69 
100 40 46 55 57 58 
| | 
10 | 12.5 51 | 58 70 | 72 73 
} 25 43 49 59 | 61 | 62 
50 35 40 48 50 51 
100 27 31 37 
| 
102 12.5 | 38 43 52 | 
25 30 34 41 
50 22 25 29 
100 


16 | 18 
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TABLE 3—THICKNESS OF 147 LB PER CU FT CONCRETE REQUIRED TO REDUCE THE 
RADIATION FROM VARIOUS GAMMA RAY SOURCES TO A PERMISSIBLE 
DOSE RATE OF 0.3 ROENTGENS PER 48-HR WORK WEEK 


Distance from source 
































Source } to occupied space 
strength, |—— ______ ,— — —— , ———_-——- ———___—____— 
mullicuries 1m 2m 3m 
Ra Cos Ra Ccoe# Ra Co” 
in, in. in in, in in 
~ 24.0 — 19.1 - 16.2 
1000 20.3 21.5 14.7 16.6 11.4 13.7 
500 17.5 19.1 11.9 14.1 8.7 11.2 
250 —_ 16.6 — 11.6 — | 8.8 
200 14.8 — 8.3 " 5.0 — 
100 11.0 13.3 5.5 2.0 | 5.3 
50 | 8.2 10.8 2.5 5.9 0 1.5 
20 4.5 — 0 — 0 0 
10 | 1.5 4.9 0 0 0 0 





ments were made under broad-beam conditions and the results are shown in 
Table 3. 


DESIGN OF CONCRETE BARRIERS 


The type of information presented above enables calculation of the con- 
crete thickness required to reduce radiation from a known source to currently 
accepted safe limits. Determination of the quantity and quality of radiation 
from a given source is a separate problem. These factors are of interest not 
only in the design of adequate barriers but also in the selection of the dura- 
tion of treatment for a patient or the exposure time for a photograph. 

In the case of radioactive materials, the source may be sent to the Na- 
tional Bureau of Standards for calibration. For radium, in equilibrium with 
its disintegration products, the calibration value is given in milligrams. For 
protection design the number of milligrams may be considered equal to the 
millicurie value for the sample. NBS calibration values for Co®, on the other 
hand, are given in rhm’s (roentgens per hr measured at 1 m). This value 
may be converted to curies by dividing by 1.36. With the number of curies of 
a source known, the required barrier thickness may be read directly from 
Table 3. 

The quantity of photons received from an X-ray tube depends directly 
upon the tube current. The quantity and quality depend upon the tube 
voltage. Other factors which may effect the output include (1) the angle 
between the electron beam and the X-ray beam, (2) the target material, 
(3) filtering produced by tube walls or metal sheets placed in the beam to 
eliminate soft radiation, and (4) the wave form of the generator furnishing 
high voltage to the tube. 

For computation of the minimum barrier thickness in a particular installa- 
tion all of the above factors must be considered. Fortunately, however, an 
increase in the quantity of radiation (assuming the same applied voltage) 
does not require a similar increase in barrier thickness. Table 1 shows, for 
example, that doubling the quantity of 2 Mev X-rays requires only a 5 to 12 
percent increase in concrete wall thickness. Small variations in tube output 
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are therefore not as important, from a protection standpoint, as they might 
at first appear. 


“National Bureau of Standards Handbook 50’ gives broad-beam at- 
tenuation curves for 500 to 2000 kv X-rays in 147 lb per cu ft concrete and 
tables listing calculated concrete barrier thickness requirements for various 
tube currents and voltages. Detailed methods for use of the curves and tables 
are included. The forthcoming NBS handbook will give concrete attenuation 
data for X-rays produced by a betatron operating at energies from 6 Mev to 
38 Mev and a discussion of the general problem of protection of personnel, 
from a number of standpoints, in the vicinity of X-ray-producing betatrons 
and electron synchrotrons. 

In designing barriers for a particular installation, the radiation may be 
divided into three types: (1) the ‘‘useful beam” which is the radiation di- 
rected at the patient being examined or treated or at the casting being photo- 
graphed, (2) the “scattered radiation” which consists of photons scattered 
from the body being irradiated, surrounding walls, etc., and (3) the “direct 
radiation” or “leakage radiation’ which consists of photons which leak 
through the tube housing or y-ray source shield. 

In protection against the useful beam the attenuation data in the hand- 
books give the required thickness. 


In the case of scattered radiation, measurements have shown that the 
intensity is usually of the order of 0.1 percent of the useful beam. NBS 
“Handbook 50” gives formulas for applying the useful-beam data to the 
calculation of necessary shielding. 


No general rules may be given for protection against the leakage radiation. 
In most therapeutic medical tubes the leakage radiation is held to a maximum 
of 1 r per hr at 1 m from the target by the use of absorbing tube housings. 
Diagnostic tubes usually have leakage radiation held to one tenth of this 
value. In many cases, however, it is necessary to measure the leakage radia- 
tion before calculating required barriers. Information on protection against 
direct radiation is contained in NBS ‘Handbook 50.” 

The considerably lower intensity of scattered and leakage radiation, as 
compared to the useful beam, and the resulting thinner barrier required 
when the useful beam is absent, make the possibility of limiting the angle 
through which the useful beam may be directed very attractive. In an 
application in which the motion of the tube is limited in a manner which 
will insure that the useful beam never strikes higher than 7 ft on the walls, 
for example, the primary barrier need extend only to this height while the 
balance of the wall and ceiling area need protect only against scattered and 
leakage radiation. Thus, a sizable saving in cost and weight may frequently 
be possible. 

In some cases it may be feasible to orient the work and apparatus in such a 
manner that the useful beam will always be directed toward unoccupied 
space. In such cases the radiation is attenuated due to absorption by air 
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and by spreading out. The intensity of X-rays from a point source falls off 
as the square of the distance from the source, and this property may often 
be taken advantage of in reducing the required barrier thicknesses. A table 
in NBS “Handbook 50” gives the distances required to reduce the radiation 
from various sources to permissible values. 

In many cases a particular barrier is always struck by the radiation at an 
angle. The photons therefore must travel through a greater thickness of 
barrier than if they struck it at right angles. In barrier design it has been 
customary to measure the barrier thickness in the direction of the radiation 
rather than in a direction normal to the wall. 

To determine if such practice is justified Kirn, Kennedy, and Wyckoff of 
the National Bureau of Standards recently made measurements on the oblique 
attenuation of y-rays from cobalt-60 and cesium-137 in polyethylene, concrete, 
and lead. 

As an oblique beam spreads out in the barrier due to Compton scattering 
it is apparent that part of the scattered photons must travel a greater dis- 
tance in the barrier than if the beam were normal to the wall, and that, like- 
wise, many photons will have much shorter paths. The added transmission 
of the latter is greater than the reduced transmission of the former. 

Neglecting this effect, it was computed that a 7.1 in. concrete wall would 
reduce the intensity of 0.66-Mev photons striking it at a 70 deg angle to the 
normal to 0.1 percent. Experimentally it was found that an 11.6-in. wall 
was required to produce the same degree of attenuation under those condi- 
tions. Smaller differences were found for smaller angles, but the measurements 
definitely indicate that the barrier thickness in the direction of the primary 
beam cannot be used for calculation of attenuation of oblique beams unless 
a correction factor is applied. 


SELECTION OF BARRIER MATERIALS 


Lead, steel, barium compounds, concretes of various types, and other 
materials have been used to construct radiation barriers. A relatively thin 
sheet of lead suffices to attenuate low voltage X-rays by the desired amount. 
By contrast, concrete, which is a relatively poor absorber even on a pound for 
pound basis for low voltage X-rays, would need to be employed in a thick 
wall, as compared to lead, to produce the same reduction in X-ray intensity. 
Therefore, lead has been used and will probably continue to be used for this 
type of protection. In some cases, however, structural concrete walls are 
thick enough to furnish adequate shielding for low voltage equipment which 
is operated only intermittently, for example, as in medical radiology. 

In the higher voltage range, 500 kv to 2000 kv, the attenuation produced 
by a pound of one material is essentially the same as that produced by a 
pound of any other material. If space is not at a premium, ordinary con- 
crete, which is relatively inexpensive and is structurally self-supporting, is 
the usual choice. If space is limited, such as in the case where shielding is 
to be installed in small existing quarters, lead or perhaps a high-density con- 
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crete may be required. Even in the voltage range where concrete is nearly 
equivalent to lead on a weight basis, a concrete barrier will weigh more than 
an equivalent lead one because the average area of a thick-wall enclosure is 
greater than that of an equivalent thin-wall one of the same inside dimensions. 
In most new installations the cost of extra space is far less than the difference 
in cost between lead and concrete shields. 

In the protection against multi-million volt X-rays, lead becomes increas- 
ingly effective as compared to concrete and other materials composed of 
light atoms. However, the price differential between lead and concrete is 
so great that the latter is still the most economical material for even super- 
voltage X-ray protection. 

Various heavy aggregates have been employed to reduce the required 
thickness of concrete barriers. Scrap iron, limonite, and magnetite used as 
aggregate give a high density concrete. Well graded, crushed, cast-iron 
aggregate has been produced with which concretes weighing over 300 lb per 
cu ft may be designed. On a weight per unit area basis these concretes are 
not superior to ordinary concrete in absorbing power, but as pointed out 
above in a box-like shield a saving in total weight may be accomplished as 
well as a saving in floor space. The magnitude of such savings will be greater 
in small shields, such as might be used to protect against a high intensity 
radioactivity source, than in large shields, such as required to house a large 
source and treatment area. However, the possible saving in weight and 
space should be weighed against the added cost of heavy concrete in all barrier 
design work. 

When neutrons are present along with X-rays or y-rays, limonite concrete 
is preferred. A discussion of this case may be found in the accompanying 
paper by Callan. 

Barite has also been used as a heavy aggregate. The barium in this min- 
eral is a relatively heavy element, which enjoys the advantages of lead, but 
to a lesser extent. Barite concrete, therefore, not only has the advantages 
of greater density, but in the voltage range below 500 kv and above perhaps 
5000 kv is superior to ordinary concrete because of its heavier atoms. 

Some of the practical problems connected with the production of homo- 
geneous concrete with heavy aggregates are treated in the paper by Callan. 
One of the more difficult ones is the prevention of segregation when using 
materials of such differing specific gravities. The Prepakt process, in which 
the coarse aggregate is put in place and then grouted with a special mortar, 
has been used to advantage with barite concrete. A reverse process in which 
a mortar of cement, water, and iron shot was put in place and then loaded 
with iron punchings while being heavily vibrated also was found to give good 
results. 


In many temporary installations solid concrete block are employed. These 
may be of lightweight material or of conventional concrete, thicker walls 
being required if of the former type. For all concretes the required thickness 
may be computed from the data given for 147 lb per cu ft material by multi- 




































tats ea AP 





CONCRETE FOR RADIATION SHIELDING 63 


plying the indicated thickness of the latter by the factor 147 divided by the 
weight per cubic foot of the concrete used. 


SUMMARY 


Theoretical and experimental considerations indicate that concrete is 
the most economical material for shielding against X-rays and y-rays of 
energies greater than 500 kev. The added cost of heavy aggregate concrete 
may often be justified by the resultant saving in barrier weight and space. 
Data are available for use in the design of concrete shields for protection 
against X-rays and y-rays of energies up to 100 Mey. 
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Effect of Sustained Overload on the Strength and 
Plastic Flow of Reinforced Concrete Beams* 


By G. W. WASHA and P. G. FLUCKT 


SYNOPSIS 


Research on the plastic flow of reinforced concrete beams has been in prog- 
ress at the University of Wisconsin since 1941. Results of several past pro- 
grams have been previously reported, and additional programs are now in 
progress. This paper presents the test results obtained from overload tests 
of beams which had previously been subjected to a three-year period of sus- 
tained design load.{ Eighteen beams were tested, involving three conditions 
of reinforcement in each of three different sizes. The control beam of each 
pair was tested during a 1-hr period by increasing the uniform load in’ incre- 
ments until the ultimate load was reached. The other beam of each pair was 
subjected to a high and periodically increased overload for a period of about 
one year and was then loaded to ultimate. 

The beams subjected to the high sustained overload suffered considerable 
plastic flow, but the ultimate strength was not appreciably different from that 
of companion control beams. 


INTRODUCTION 


At the completion of a three-year study to determine the influence of com- 
pressive reinforcement on the plastic flow of several sizes of reinforced con- 
crete beams, 18 of the beams were subjected to additional overload tests, 
Fig. 1 indicates the dimensions of the beams tested. 

The beams with only tensile steel (No. 3 and 6 of each type) were designed 
as balanced sections in accordance with the 1947 ACI Building Code. The 
compressive steel in the other beams was added to determine its influence 
on plastic flow, not because of strength requirements. 

The control beam of each pair was loaded in about 1 hr by piling bricks 
uniformly on the beam until the ultimate load§ was reached. The remaining 
beam of each pair was then loaded to 85 percent of the ultimate load of the 
balanced section beam of that size (No. 3 or No. 6 of each group). Fig. 2 and 
3 show the beams under the 85 percent test load. At the end of nine months 
the load was increased to 90 percent, and at ten months to 95 percent. At 
the end of 11 months the beams were loaded to ultimate. 


*Received by the Institute Feb. 4, 1953. Title No. 50-4 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 25, No. 1, Sept. 1953, Proceedings V. 50. Separate prints are available at 35 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Members American Concrete Institute, Professor and Associate Professor of Mechanics, University of Wis- 
consin, Madison, respectively. 

tWasha, G. W., and Fluck, P. G., “Effect of Compressive Reinforcement on the Plastic Flow of Reinforced 
Concrete Beams,’’ ACI Journa., Oct. 1952, Proc. V. 49, p. 89. 

§In this paper “‘ultimate load” is defined as the load required to cause yielding of the tensile reinforcement with 
accompanying sudden excessive beam deflection. 
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Fig. 1—Beam details 


TABLE 1—PROPERTIES OF REINFORCING 
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STRENGTH AND PLASTIC FLOW OF CONCRETE BEAMS 
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Fig. 2—Type E beams 


MATERIALS 
Steel 


Properties of the intermediate grade reinforcing steel used are listed in 
Table 1, and the pattern of deformation is shown in Fig. 4. 


ig. 3—Type B beams (lower Icft); Type C beams (upper right) 
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Fig. 4—Type of reinforcement 





Concrete 

The concrete was made with Type I portland cement and Madison sand and 
gravel. It was designed to have a 28-day compressive strength of 3500 psi 
and a 6-in. slump. Table 2 lists results of compression tests on 6x 12-in. 
cylinders cured in the same room as the beams. The overload tests were 
started when the beams were about three years old and were continued for 
about one year, but no test cylinders were available at these ages. 

A limited number of sustained load tests were made on 4 x 4.x 12-in. prisms 
with the type of concrete used in the beams. A compressive load of 1575 psi 
(0.45 f.’ =0.45 X 3500 = 1575) maintained for 244 years caused a 10 to 15 per- 
cent increase in ultimate strength and a 25 to 30 percent increase in secant 
modulus of elasticity. Since tests previously reported by the authors* gen- 
erally confirm these effects, it seems reasonable to assume that concrete on 


*Washa, G. W., and Fluck, P. G., “Effect of Sustained Loading on Compressive Strength and Modulus of Elas- 
ticity of Concrete,’’ ACI JournaL, May 1950, Proc. V. 46, p. 693. 
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TABLE 2—PROPERTIES OF CONCRETE CYLINDERS* 


Ultimate compressive Modulus of elasticity,t 
Beams represented | strength, psi 1000 psi 
28-day 2 \e-year 28-day 2 ¢-year 
B-4, -5, -6 3840 3730 3270 3510 
C-1, -2, -3 3000 3190 3000 3410 
E-4, -5, -6 3480 3360 2770 3400 
B-1, -2, -3 3000 3190 3000 3410 
C-4, -5, -6 3580 3580 | 2890 3340 
E-1, -2, -3 3840 3730 3270 3510 


*The 28-day results are the average values for two cylinders, and the 2 }4-year results are the average values for 
three cylinders. 
+tSecant value at 0.45 /-’. 


the compression side of the loaded beams was stronger and stiffer at 24 years 
than the concrete in the test cylinders. 


TEST PROCEDURE AND RESULTS 
Ultimate load tests of control beams 

In July, 1951, one beam of each size and condition of reinforcement was 
tested. The uniform load on the beam was gradually increased by piling 
bricks on the beam until the ultimate load was reached. No attempt was 
made to produce compressive failure of the concrete after the ultimate load 
had been reached. The results of these tests are listed in Table 4. 

When reviewing the information given in Table 4 it should be kept in mind 
that the compressive reinforcement in the beams of this program was not 
included because of strength requirements but because of its effect on plastic 
flow. In shallow beam sections the compressive reinforcement may shift 
the neutral axis and the resultant of the compressive forces in the steel and 
concrete downward because it is necessary to place the steel relatively low 
in the section to provide adequate fire cover. If the moment arm jd is thus 
reduced, the resisting moment for a given stress in the steel and the ultimate 
load capacity of the beam (limited by yielding of the tensile reinforcement) 
will also be reduced. 

Sustained load tests 

The companion beam to each of the control beams was subjected to a 
sustained uniform load equal to 85 percent of the ultimate load of the con- 
trol beam without compressive steel (B-6, C-3, or E-6). Midspan deflection 
readings were taken immediately after loading and at intervals during the 
nine-month sustained load period. Midspan strain readings at the com- 
pressive and tensile steel levels were taken and were used to check for yield- 
ing of the steel but are not presented here. 

At the end of the nine months of sustained loading the load on each beam 
was increased from 85 to 90 percent of the ultimate load of beam B-6, C-3, 
or E-6. At the end of ten months the load was increased from 90 to 95 per- 
cent. At the end of 11 months the uniform load on the beams was increased 
to ultimate. 

The time-deflection curves for beams with no compressive steel and full 
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Fig. 5—Time-deflection curves 
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compressive steel are shown in Fig. 5, and the deflections of all beams tested 


under sustained loading are summarized in Table 3. The results of the final 





ultimate load tests are summarized im Table 4. 





STRENGTH AND PLASTIC FLOW OF CONCRETE BEAMS 


TABLE o—-SUMMARY OF BEAM DEFLECTIONS® 


| zr Whis 
| | 
| | 


| 





1-month plastic flow 


deflection, in. 


Immediate elastic 


deflection, in. 


24-yr plastic flow 
Total deflection prior 
to 3rd overload, in. 


deflection, in. 
1-month plastic flow 


9-month plastic flow 
deflection, in. 


deflection, in. 
Immediate elastic 


Immediate elastic 
deflection, in. 


Load increase, lb 
deflection, in. 


Immediate elastic 
(ist overload) 


deflection, in. 
(2nd overload) 


Load, Ib 
(Design load) 
Load increase, 


Db 
O= 





. 2.12 
1710 | 1.86 | 3.38 





660 | 1. .32 2. 50 | | 0.12} 0.01 | 6.95 | 80 .29t | 0. 
660 2.34 .80 .9% .49 | .00 | 7. 13° | 0.20 
E-3 660 | 2.52 .22 .83 | 0.63 | 80 | 16 0.05 .39 80 | 0.1: .08 








*The term “immediate elastic’ refers to the behavior during positioning and loading up to ultimate. The term 
“plastic flow”’ is used to identify all deflection occurring during the mone of sustained loading. 

+Steel yielded. 

Steel near yield point. 


TABLE 4—ULTIMATE LOAD* TESTS 
WITH BEAMS UNIFORMLY LOADED 





Control beams Ove rload beams 





Beam ] Siti x Beam | Ultimate lead,t 
No. | Ib No. | Ib 





B-4 5100 | 
B-5 5100 


I 

“ee 
B-6 | 5200 | B- 
C-1 | 4300 Cc 
| C- 


‘ 


C-2 4300 
C-3 4300 
E-4 
E-5 
E-6 


-1 
2 
3 
-4 
5 
C-4 


1800 
1800 


| 
| 

1600 | E-1 
| E3 


E-2 
| 





*Load required to cause yielding of the tensile rein- 
forcement with accompanying sudden excessive beam 
deflection. 

tIncludes weight of beam. 


CONCLUSIONS 


. Inclusion of arbitrary amounts of compressive steel caused a slight 
eo ase in immediate elastic deflection and a major decrease in the three- 
year plastic flow of the beams when subjected to sustained working loads. 
In general, the three-year plastic flow deflection was from 1 to 24% times as 
great as the immediate elastic deflection. 

2. Plastic flow at the end of the overload period was about 15 to 35 percent 
of the immediate elastic deflection caused by overloading. 

3. Prior to subjecting the overload beams to 95 percent of the ultimate 
load they had attained total deflections from 3 to 5 times the immediate 
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deflection caused by the design load. 

4. Ultimate load capacities of the beams subjected to high overload for 
one year were nearly the same as those of companion control beams tested 
at the start of the overload period. 
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Title No. 50-5 


Economical Design of Prestressed Concrete Beams* 


By DAVID P. BILLINGTONT 


SYNOPSIS 


The ability of simply supported post-tensioned concrete beams to span 
more than 150 ft makes it important that such members be designed for maxi- 
mum economy. This paper shows the effects of varying the cross-sectional 
shape and size on the load capacity of any form of post-tensioned beam. The 
parts of the cross section above and below the center of gravity of the entire con- 
crete section are analyzed separately. 


INTRODUCTION 


In the analysis of these beams the following general assumptions are made: 

1. The applicability of Hooke’s law to concrete. 

2. Beams are post-tensioned to counteract bending in one direction only. 

3. Beginning with the application of prestress, the beam is assumed to be simply supported. 

4. All prestressing steel is considered to be near the bottom fiber of the cross section, and 
only the total section of concrete has been used in the calculations. The effects of adding the 
transformed area of the prestressing steel are shown in example 6. 


5. The limiting condition for design has been taken as the stress in the bottom fiber under 
full working load (see diagrams in Fig. 1c). 


NOTATIONS 
Cross-sectional constants 
A. = area of entire concrete section (steel area not deducted) 
A, = total steel area 
c.g.c. = center of gravity of entire concrete section 
c.g.s. = center of gravity of steel area 
h total depth of section 
b width of web or rectangular section 
te depth of top flange 
b: = width of top flange 
= distance of bottom (top) fiber to c.g.c. 
eccentricity of c.g.s. with regard to c.g.c. 
moment of inertia of entire concrete section about c.g.c. 
radius of gyration 
= distance of c.g.s. to bottom fiber (y — e) 
= distance of center of gravity bottom (top) flange to bottom fiber 
= statical moment of the entire concrete section A, about bottom fiber 
free span of beam 
density of concrete 
any area of concrete added to a cross section below its c.g.c. in, addition to its web 
At any area of concrete added to a cross section above its c.g.c. in, addition to its web 
*Received by the Institute Aug. 27, 1952. Title No. 50-5 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 25, No. 1, Sept. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 


Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 
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Fig. 1a (left}—General cross section of a post- 
tensioned beam in which concrete below the 
center of gravity is reduced to a minimum 























Fig. 16 (right)—Cross-sectional area increased 
by an amount A, below the center of gravity 


F; 
F 


Stresses 
Ie 
ie 

















$0 
FT Fig. 1¢ (left}—Stress diagrams 


dead load per unit length when the prestress is being established (dead load of pre- 
stressed beam) 

additional (superimposed) dead load per unit length applied when the prestress has 
been established (dead load of deck, flooring, roadway) plus distributed live load per 
unit length. Therefore, w. = ws + wy, of the proposed notations published by 
ACI-ASCE Committee 323.* 


= initial prestress force 
= effective prestress force after deduction of all losses 


= stress at bottem fiber due to dead load of we only 


stress at bottom fiber due to load w, only 


*‘Proposed Definitions and Notations for Prestressed Concrete,”’ ACI JournNAL, Oct. 1952, Proc. V. 49, pp. 85-88, 
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Ff rref rr = Stresses at bottom (top) fiber due to effective 
prestressing F and total load (wg + wa) 
n ratio of modulus of elasticity of steel to that of concrete 


SECTION BELOW THE CENTER OF GRAVITY 


In a simply supported reinforced concrete beam, it is uneconomical to add 
any concrete below the neutral axis to that which is absolutely necessary for 
safe steel placement and diagonal tension. To determine the effect of any 
such addition to a post-tensioned beam, consider the general cross section 
of Fig. la, in which concrete below the center of gravity is reduced to a mini- 
mum. 

In general, the beam is designed by assuming a size and shape of cross section 
at the point of the maximum bending moment, and applying to it the various 
possible combinations of loading, the limiting stress condition being 


F F 
fe = +" - 8-2 


ary (1) 


f.’ represents the stress in the bottom fiber of the concrete cross section, caused 
only by the total additional load w,. If no tension is allowed in the bottom 
fiber, then Eq. (1) can be expressed as 


: ~~ Le aa ah et .. . (la) 


or, in terms of a uniformly distributed load 


S 7 Fz we L? 
= —_—_——— F _- — ear Ce ee ‘ see seeee 
m= 5 (get Se) @ 


Eq. (2) expresses the maximum uniformly distributed load for any cross section 
A., with a prestressing force F and an eccentricity of prestressing force e. 

If the original cross-sectional area is increased by an amount A, below the 
center of gravity (Fig. 1b) Eq. (2) becomes 


eg Pit = 145 - wl mR 
Bk Remy ge ee Shes ries. aes 
~ "pina+aw 8 ae) 


in which the primed values are the characteristics of the new cross section 
(A, + Ay). Furthermore, the effect of A, on the load capacity of any beam 
can be expressed as the difference between Eq. (2a) and Eq. (2) or 

, 


Wa 


— Wa = AWa Seg oe ee 

To determine a convenient expression for Aw,, Eq. (2a) can be solved in 
terms of the characteristics of the original section (see appendix A), and 
Eq. (2) can be directly subtracted from it, giving 


8F yp As he [ ho 
le ea J] HI 1 <r e ieaeae 34 (3: 
7” L? (Ac + d») ate )| oo 


hy is the distance of the center of gravity of A, from the bottom fiber and will 


ry : : : mm hy 
never equal y, if A, is considered below the center of gravity. Therefore, — < 1 
Yo 
which means Eq. (3a) must always be negative, and which in turn proves that 
w'g<Wa. Moreover, the sign of Aw, is completely independent of the size 
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and shape of A,. Therefore, with any shape cross section an increase in area 
below the center of gravity automatically reduces the load capacity of the 
beam even apart from the negative effect of the increased dead weight (— 
A, D.). 

The limiting conditions for that part of the cross section below the center 
of gravity, then, must be only diagonal tension and safe steel placement, 
just as in the case of an ordinary reinforced concrete cross section. How- 
ever, diagonal tension is usually low in prestressed concrete. If the steel is 
placed outside the section, buckling of the web must be checked. 


Numerical examples 

All the examples given here are taken from a group of typical prestressed 
cross sections calculated for practical use in Belgium. In each case a small 
increase in the bottom flange is given to the cross section, as shown in Fig. 2 
to 5. (The dimensions are in centimeters, the spans are in meters.) The 
complete calculations were made for both the original section A, and the new 
section (A. + Ay). Thus, Eq. (8a) was not used at all, so that the examples 
serve as a check on the theory. Allowable stresses are 2100 psi in compression 
and zero in tension. 


Example 1 (Fig. 2) 
For a span of 98.5 ft (30 m) and a prestressing force of 520,000 lb (236 
metric tons): 


Original section Increased section 
= 510 sq in. (3282 sq cm) A.’ = 566 sq in. (8642 sq cm) 
23.2 in. (59 em) 21.4 in. (54.4 em) 
= 87,000 in.* (3,612,700 cm‘) 102,000 in.* (4,229,000 cm‘) 
580 Ib per ft (865 kg per m) 640 lb per ft (954 kg per m) 
218 lb per ft (325 kg per m) = 107 lb per ft (159 kg per m) 


|. 


Therefore, an increase in dead load of 
| | ce conga 

11 percent gives a decrease in live 
load capacity of 51 percent with A, = 
56 sq in. (360 sq em) added to the 
bottom flange 














Fig. 2—Cross section analyzed in example 1 
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Example 2 (Fig. 3) 


For a span of 98.5 ft (30 m) and a prestressing force of 520,000 lb (236 metric 
tons): 


Original section 








= 633 sq in. (4082 sq cm) 

= 34 in. (86.5 cm) 
260,000 in.* (10.8 & 10° cm‘) 
715 lb per ft (1065 kg per m) 
542 Ib per ft (806 kg per m) 





Increased section 





A.’ = 689 sq in. (4440 sq em) 

Yo" 31.6 in. (80.3 em) 

ie 306,000 in. (12.7 * 10® cm‘) 
we’ = 775 lb per ft (1150 kg per m) 
wa’ = 401 lb per ft (596 kg per m) 











Therefore, an increase in dead load of 
8.8 percent gives a decrease in live 
load capacity of 26 percent using the 
same A, = 56 sq in. (360 sq cm) as 
in example 1. 


Example 3 (Fig. 4) 














Fig. 3—Cross section analyzed in example 2 


For a span of 164 ft (50 m) and a prestressing force of 1,460,000 lb (665 
metric tons): 


Original section 








= 1145 sq in. (7380 sq cm) 

= 45.5 in. (115.3 em) 

= 535,000 in.* (22.2 X 10° cm‘) 
= 1300 lb per ft (1935 kg per m) 
= 178 lb per ft (265 kg per m) 


Increased section 7 
| ‘ 














A.’ = 1320 sq in. (8520 sq em) 

yr’ 40.2 in. (102 em) 

I.’ = 759,000 in.* (31.5 K 10° em‘) 
woe’ = 1485 lb per ft (2210 kg per m) 5 
wa’ = — 113 lb per ft (— 168 kg per m) 





























+A 
AU7L IAL? 


}—H#—+ 


Fig. 4—Cross section analyzed in example 3 


4 ___iay 
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In this case an increase in dead load of 15.5 percent gives a decrease in live 
load capacity, of 163 percent with A, = 177 sq in. (1140 sq em), 7.e., with no 
working load there is 242 psi (17 kg per sq cm) tension in the bottom fibers, 
which may be permissible (see example 6). 
Example 4 (Fig. 5) 

Again for a span of 164 ft (50 m) and the same prestressing force as in 
example 3: 


A oat 
es Original section 





= 1395 sq in. (8980 sq cm) 

= 65 in. (165 em) 

= 1,510,000 in.* (62.8 < 10° em‘) 
1560 lb per ft (2325 kg per m) 
655 lb per ft (975 kg per m) 








Increased section 
A,’ = 1575 sq in. (10,120 sq em) 
Yo" 58.2 in. (148 em) 
Hy 2,020,000 in.* (84 & 10° em‘) 
we’ = 1750 lb per ft (2610 kg per m) 
wa’ = 479 lb per ft (714 kg per m) 





Here, an increase in dead load of 12.7 
percent gives a reduction in load 
capacity of 26.9 percent using the 
same A, as in example 3. 

It can be seen from these examples 
that small increases in the bottom 
flange greatly reduce the effectiveness 
of the beam and in the case of example 
Fig. 5—Cross section analyzed in example 4 3 render it useless. 





SECTION ABOVE THE CENTER OF GRAVITY 


In reinforced concrete it is advantageous to have a large top flange to 
utilize the compressive resistance of concrete. For a post-tensioned beam the 
total effect of a top flange is not so obvious. Using the same type of analysis 
as for the bottom section, the effect of changing that part of cross section 
above the center of gravity can be determined. 


Since it has been shown that the bottom section must be reduced to a 
minimum, the most economical cross section can be determined by taking a 
rectangular beam of a minimum width as a reference and calculating the 
effect of variations in the top area on the load capacity of the beam. Con- 
sider the cross section in Fig. 6. For an increase in area due to the addition 
of A; anywhere above the center of gravity of the section and a distance h, 





PRESTRESSED CONCRETE BEAMS 


Fig. 6a (left)—Reference cross 1 

section of minimum width. Fig. ea 

6b (right)—Cross-sectional area i: 

increased by an amount A; ee 
above the center of gravity 









































from the bottom fiber, the cross section will take on new characteristics. As 
before, Eq. (3) can be solved for a change in load capacity (see appendix B) 
and becomes 


4 


8F Bh; — 2h 
3L? bh? 4 
2h. 


AwWe = A: ae ee ol (3b) 


t 


Eq. (3b) shows that the sign of Aw, is not independent of the size of A; as it 
was for Ay. Rather, if 
8F 3h, — 2h 
3L? bh? 
2h, 


See eT ee 


then an addition of A, will cause a positive Aw, with increasing A, until 
3h. — 2h 


.. (4a) 


at which time Aw, = 0 and w, = w’, or the original cross-sectional area in- 
creased by A’, carries only the same load as the original rectangular section 
itself. The most economical section will occur between conditions (4) and 
(4a) in which a certain A;, gives a maximum Aw,. This economic A; can be 
calculated by setting 

d (A Wa) fe 

d(a) 
and solving for A; which gives (see appendix C) 
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For a given rectangular reference section, N is a constant regardless of the 
size and shape of A; and depends only upon the position of its center of gravity 
h: From Eq. (3b) it is seen that Aw, increases for an increase in h;. This 
means simply that the load capacity increases with a decrease in depth of the 
top flange for a constant A,. 


Design application 

Eq. (6) expresses that relationship between size, A,;, and position h, of the 
top flange, and the effective prestressing force F which will give the greatest 
load capacity for any given reference section (h and b) and any span. To put 
this relationship in a more practical form (see appendix C), Eq. (6) can be ex- 
pressed as 


Ate X 104 > — 
————— = [' — reg’ |, SQ PRUNDORE By Wee ek nearness a oe 
B (ae :) 


Fig. 7 gives the values of the constants B and C for any assumed cross section. 
Fig. 8 gives the optimum A, for any span up to 200 ft and any amount of 
effective prestressing force F. Since the curves of Fig. 8 were calculated for 
C = 10, F must be multiplied by (C/10)* before entering the chart. These 
curves give a direct method of checking any cross section for optimum top 
flange. 





10 


050: 


L= \SPAN 
tea 


— x/o* —» 









Fig. 7—Values of B and C for any assumed cross section 
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SECT/ON 


SPAN * i IN FT. 


Fig. 8—Optimum A: for effective prestressing force F and span L 


Fig. 9 illustrates the effect of varying the top flange on the load capacity 
of three different cross sections for a span of 100 ft. Comparison of cross sec- 
tions I and II illustrates the advantage of decreasing the depth of the top 
flange. Cross section III illustrates the advantage of increasing the depth of 
the entire section. 

In choosing a cross section, therefore, the following considerations are 
necessary : 

1. Ate = te (bs — 0) 
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oP 


66 -—----- J 





+ , 


$0 100 Ag (59.,) 160 200 


Seo 


Fig. 9—Variation of top flange with load capacity for three beams with different cross sections and 
equal spans. Span = 100 ft; Fi = 466 kips; F = 388 kips 

2. t, should be kept to a practical minimum. 

3. The shape and size of A;. must give lateral stiffness for handling if the beams are 
not cast in place. 

4. Since A;. has been determined only from the condition that no tensile stresses are 
allowed in the bottom fiber, there is the possibility that the compressive stress in the 
top fiber will exceed the allowable value under full working load. In such a case Ay, can 
be increased, or some compressive steel added (see columns 7 and 8 of Table 1 for ex- 
ample 6). 

5. All other possible loading conditions, including those at the time the prestressing 
force is being applied, must be checked. 

The following examples show how a given cross section can be checked and 
modified in accordance with Eq. (6). 
Numerical examples 
Example 5 (Fig. 2) 
The characteristics are given in example 1, where: 
span = 98.5 ft (30 m) 
depth = 3.28 ft (1 m) 
WG 580 lb per ft (865 kg per m) 
F; 520,000 lb (236 metric tons) 
Wa = 218 lb per ft (325 kg per m) 
ie = 0 (0) 
Ire = 1490 psi (105 kg per sq cm) 
At = 183 sq in. (1180 sq cm) 
Using the curves of Fig. 7 and 8 for a = 0.9; B = 0.16; y = 0.033; F(C/10)* 
= 506 kips gives: 
1. From Fig. 7 K 555 


= 0. B = 0.555 X 1.8 = 1.0 
K’ = 0.75 


); C = 0.79 X 13.6 = 10.7 
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Ate 
2. From Fig. 8 = = 0.39 and 


Ate = 0.39 X 1.0 X 144 = 56.5 sq in. 

The calculated value is equal to 57.6 sq in. (373 sq em) 

The actual value of A, is, therefore, over three times too large. The cross 
section is thus reduced so that A; = A,, = 57.6 sq in., and the new load 
‘apacity w,’ is calculated. The characteristics of the new cross section are 

We = 449 lb per ft (669 kg per m) 
F; = 520,000 lb (236 metric tons) 
Wa 249 lb per ft (371 kg per m) 
fer 0 (0) 

Serr = 2320 psi (164 kg per sq cm) 

A decrease of 22.5 percent in the original cross section allows an increase 
of 14.2 percent in the load capacity of the beam. In practise, w, would be 
given so that in this example the steel could be reduced to 479,000 lb, giving 

We = 218 lb per ft (3825 kg per m) 
frr 0 (0) 
frr 2140 psi (151.8 kg per sq cm) 

Therefore, a saving of 22.5 percent in concrete, and 7.9 percent in steel is 
possible by using the economic top flange A;.. 

It should be noted that A;, has been calculated by assuming a cross section 
with no bottom flange. In this example there is a bottom flange for safe steel 
placement. It is found that due to this bottom flange the maximum load 
-apacity actually occurs at A; = 61 sq in., where wa = 250 |b per ft. This 
represents an increase of 0.4 percent, and indicates that the effect of such a 
bottom flange is negligible in the calculation of Az. 

Example 6 (Fig. 5) 

Column 1 in Table 1 gives the characteristics of the section, as shown in 
Fig. 5. Using the curves of Fig. 7 and 8 for a = 0.93; 8 = 0.08; y = 0.05; 
F(C/10)? = 2300 kips gives: 

1. From Fig. 7 K = 0.535; B= 
K’ = 0.86; C = 
Ate 
B 
Ate = 0.9 X 1.07 X 144 = 139.5 sq i 
The calculated value is equal to 138 sq in. (890 sq cm) 


2. From Fig. 8 = 0.9 and 


The actual value of A, is over four times too large. The cross section is 
thus reduced, so that A, Are = 138 sq in., and the resulting calculation 
yields 

we = 1025 lb per ft (1525 kg per m) 
F; = 1,460,000 lb (665 metric tons) 
Wa = 875 lb per ft (1300 kg per m) 


frr = 0(0) 
frr = 2840 psi (200.5 kg per sq cm) 
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TABLE 1—COMPARISON OF CROSS SECTIONS FOR EXAMPLE 6 


a | @ | @ | @ | @ (6) | 
Fig. 5 | Min. A; | (1) with | (2) with | (3) with | (4) with | 
| nA 


| As | Soe #0 | 


At, 8q in. 610 _ 5 163 610 


we, Ib per ft 1560 


wa, lb per ft | 55 | 555 | 555 | 355 | 555 | gsi | 


Fi, lb | 1,460,000 | 1,310,000 | 1,400,000 | 1,249,000 | 1,320,000 | 1,164,000 1,460,000 | 1,460,000 1,460,000 


j | | 
fer » psi +1299 | +2020 | +1310 | +2020 | +1350 | +2080 | +: +: 2010 


Percent we 


Percent Fi 5 | J 9 | 9 | 20.6 | ; | 


compres- 
| sion steel 


Percent wa | . Sak. ; es; ) | +34.5 | +34.5 +64 .3 





+ stress = compression. 
— stress = tension. 


In this case the compressive stress, fpr is definitely too high, and even 
recalculating the cross section for w, = 655 lb per ft (with F; reduced to 
1,290,000 Ib) still gives fr, = 2630 psi. Therefore the top flange must be 
increased. Column 2 of Table 1 gives the results obtained by increasing the 
top flange 18 percent over A,,. This cross section gives both a full utilization 
of the high strength concrete and a considerable reduction in concrete and 
steel over the original cross section. 

This solution then seems satisfactory. However, there are two important 
considerations that have not been included. First, the effect of grouting the 
wires in post-tensioning to prevent corrosion adds the transformed area of the 
prestressing steel to the section modulus for the working loads. Therefore, 
the grouted beam can carry more load or can carry the same load with less 
steel. 

Columns 3 and 4 in Table 1 show this effect on the cross sections of columns 
1 and 2 respectively. Notice that the diminished steel does not appreciably 
effect the stresses at working load (fyp and f/p). 

The second modification is the possibility of allowing tensile stresses in 
the concrete. With the high strength concrete used for prestressing (5000 to 
6000 psi), the modulus of rupture in tension is certainly more than 750 psi 
and allowing for 210 psi for tension in the design seems completely safe. 

The effect of allowing for this tension on the original and the economic 
sections is shown in columns 5 and 6 of Table 1. A further decrease in steel 
is possible with only a slight increase in compressive stresses. It can be con- 
cluded, therefore, that for the requirements of Fig. 5, the section as calculated 
in column 6 is the most economical solution possible. 

However, up to now, the examples have dealt with a constant live load. It 
is important to know the ultimate possibilities of a cross section. From 
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column 6 it is clear that any marked increase in live load will cause a dan- 
gerous compression in the top fibers. If for example the force in the steel 
was increased to 1,310,000 lb, then the live load capacity would increase 34.4 
percent, but the compression in the top fiber would become 2350 psi for an 
fr of — 210 psi. To correct this, there are the two alternatives mentioned 
above and illustrated in columns 7 and 8; either a slight increase in the top 
flange (t, made 0.6 in. deeper) or the addition of some compression steel in the 
top flange. Though the steel is usually a less favorable solution, it need only be 
extended over the exact. center of the beam, and might prove economical in 
special cases. Column 9 illustrates the effect of doubling the minimum A, 
and keeping the steel constant; a considerable increase in live load is possible, 
bringing the dead load to live load ratio almost down to 1, which for a span 
of 164 ft and depth of 8.2 ft is of interest. This of course requires 26 percent 
more steel than the section of column 6. 

Thus in any case, the original section is extremely uneconomical and the 
examples show what important savings can be realized by paying careful 
attention to the size and shape of the top flange. 

CONCLUSION 


It can be concluded that the bottom flange of a simply supported post- 
tensioned concrete beam is generally unnecessary and that the size and shape 
of the top flange is all important and must be closely designed for maximum 
economy. Considering the tension in the bottom fiber under full load as the 
limiting design feature, a close design for the best top flange can be immedi- 
ately determined. Care must be taken to check the stresses under all condi- 
tions and to provide for proper stiffness and steel placement, but the above 
analysis gives rapid, accurate results and full utilization of high strength 
concrete. 
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APPENDIX A—DERIVATION OF EQ. (3a) 


Ss 

yo = = or Sp = yw Ac; yw’ = 
A. 

or 

,_ XvAcy 

ates Ee 

where 

hy A» 


“ Yo A. 


; pe ey ee Ac Ys — Ad Ys WA. 
e = y' — ¥ = —— e = ; 


Ae + Ms Ac + do 


8 2 An fh 
Where W = (: _ x) + ye & (* ra ') 
Yo Yo Ace \Ys 
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I.’ = I, + Ac (ys — yo’)? + Av (yo’ — he)? + Ido 

we’ = (A. + do) De = we + & D- 

TA, is assumed to be negligible; (a), (b), (c), and (d) above express all the terms of Eq. (2a) 
in terms of those in Eq. (2). Combining (a) and (c) with (A. + A») gives 


KI! maw (Bes an) 


yo’ (Ac. +s) yw Yo yo A 
Simplifying gives 


ES Li Ab Y ( he \? 


A. + A» Yo 


diab —_ =—— + — = 
yo’ (Ac + Ao) = Xoy (Ac + Av) Xo 

yo’ (Ac + As) 
wa’. Since w,’ will be shown always to be less than w, if X, = 1, this assumption gives an 
error on the safe side. Substituting (b), (d), and (e) into Eq. (2a) gives 


8 r? he \? FW A. yw D. L? 
of = — | F— + PF (1 -—) + - 4, +4 To... (Qt 
e L* | Yo ™ f As *) A. + db Cet 8 | (2b) 


Subtracting Eq. (2) 


ee 3 Pili == cack 2 
sete | ye Ale Yb ve fle *. a o° et 


The difference gives Eq. (3a) 


“ 8 PF ( mys ) he (‘ , 
== —__———_ — oe am 
pA, + he Yo \Yo 


APPENDIX B—DERIVATION OF EQ. (36) 


Sp g { , F S, + At hy 
=-—— ora = Alc, °° > = a 
” A, . . ™ a A, + A: 


X, Ac ss Arh 
es ; where X; = 1+ —., 
A. + As A. YW 


XiAe _ 4 
e-e¢e= Hy —- hh = Hi — Leis 
Yo y y pire 


I.’ = Ie + Ac (yo’ — yo)? + Ac (he — yo’)? + 7 At... 


. (e) 
Yo 


If X, is assumed to be unity, then 


will be too large, which means an increase of 


Yo 


Again, JA; is assumed to be negligible, and (f) and (h) are combined with (A. + A,) to give 
Bes git, oh MY 


Yo 


yo’ (Ac + At) 3 Xt Yo t X, (Ac + Az) 
and finally 

we’ = (A. + A:) De = wa + Ar De... ... 02. e eee aia ee 
Substituting (g), (j), and (k) into Eq. (2a) gives 


8 s* + Yo At , h ) + e 
Ww. =— —— palace tle -— +e 
L? yo Xt Xi (Ac + A:) Yo 
8 y2 L? 
i, = — carat 2-1} F —A.D.—|.... 
w L?2 ( Yo + :) 8 | 


Subtracting Eq. (2) from Eq. (2c) gives 


. 8F | r? ( 1 1) 4 Yo At ' h.\? 
We = oer, heen er are ny 
L? Yo X; X; (A. + A:) Yo 


(j) 
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The values for the reference section are: 
hr? h 
Yo = en a ; A. = bh, 
and Eq. (3b) becomes 
ae 


— +A 
2h, + ‘ 


APPENDIX C—DERIVATION OF EQ. 


Rearranging Eq. (8b) and setting 


8F h bh? 
ae ‘(i “ sh) ~ D.- 


L? 2 


— a(R — Deh, d) 
"4 bh? + he A. 
2 


Differentiating Aw, with respect to A; yields 


bh? 
ey R — D. h, At (bh? + As hi) 


ee. 
(2 + h, s) 


d (Awa) + 2 


da) 
This expression is set equal to zero 

bh? 

2 R = D. A: hi (bh? + At hi) = 0. es 


and solved for A;, replacing R with its value 


bh? bh? Qh 
Ae = — - ~~ SF = 2 h Zhe 
2h; 2h. L? D. 3 bh? 


since A;. must be positive 


B.. Vee (he — 3h) 
Ate a - — ~~ l . 
2h. L? D, bh? 


For the curves of Fig. 7, let 
hi . b } *h 
reg 3 O22 
Then Eq. (6) can be expressed as 
By? 16 8|F Ba —2)a 
eo Nee WO Bae 


nd setting B ol sae << 
and se = — = 
£ 2a ; \ 


Eq. (6) becomes 
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BY WAY OF SYNOPSIS 


A reinforced concrete continuous girder bridge supported on hinged piers is 


described by WALTER H. WHEELER. 


The importance of Section 702 (e) of the ACI Building Code is pointed out 


by B. A. Nerupsky. 


Marc Benorr discusses three methods of placing dots on a drawing repre- 


senting reinforcing bars. 


B. F. JAKOBSEN considers a problem in gravity dam design. 


FRANK A. BLAKEY discusses the tensile behavior of concrete in reinforced 


concrete. 


Continuous Girder Bridge Rests on 


To provide a new highway, the city of 
Rochester, Minn., made a channel change in 
the Zumbro River, constructed a new bridge, 
and confined the river between new retaining 
walls. 

Above the new bridge the Zumbro River 
drains an area of approximately 136 sq 
miles. Bear Creek which enters the river a 
short distance below the bridge drains an 
The slope of the 
terrain in both of these drainage areas is 
quite steep so that storm water is quickly 
discharged into the river and the creek caus- 


area of about 79 sq miles. 


Fig. 1—Mayo Park bridge over 

Zumbro River, Rochester, Minn., 

of continuous girder design with 
piers hinged at the bottom 


Hinged Piers (LR 50-1) 


ing flash floods. In the vicinity of the bridge 
the land is quite flat and the banks of the 
stream are low. It not practical to 
elevate the highway and bridge above the 
surrounding land levels. It was recognized 
that the bridge might be overtopped by the 
more severe floods and at such times act as a 
submerged wier. 

Because of its proximity to Mayo Memorial 
Park the city authorities were desirous that 
the bridge (Fig. 1) and the entire project 
should present an attractive appearance and 
not obstruct the view. At the same time, 


was 
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due to the flood condition, it was desirable 
that as much clear water way as possible be 
provided under the bridge. 


Description 

Soundings indicated that the surface of 
bedrock at the bridge site is at about 924 ft 
above sea level. It was decided to design 
the bridge with a vertical curve in the deck 
and to establish the high point on the center- 
line of the roadway at elevation 992.02 ft. 
The top of the pier footings is at elevation 
973.0 ft. Thus the distance from top of pier 
footings to top of bridge floor at the high 
point is about 19 ft. The river channel is 
155 ft wide between retaining walls. The 
bridge crosses the river at an angle of 42 
deg 48 min. with the centerline of the channel. 
It is 221.25 ft from face to face of abutment 
measured along the bridge centerline and 
223.85 ft from center to center of bearings 
on the abutments. The bridge is 60 ft 
wide over-all and has a 44-ft four-lane road- 
way and two 6 ft wide sidewalks. The curbs 
are 12 in. high and slope 2 in. from the vertical. 
The southwesterly parapet of the bridge 
curves on a 110-ft radius to come tangent 
with the parapet of the north retaining wall. 

Study indicated that all conditions could 
best be met with a reinforced concrete con- 
tinuous girder design, fixed at the two river 
piers and free to move lengthwise at the abut- 
ments. Analysis of this design indicated 
that a considerable saving could be made in 
pier thickness by hinging the piers at the 
bottom. There are five lines of girders in 
the bridge deck. Typical details are given 
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in Fig. 2. The three middle girders are 
spaced 11 ft center to center and the two 
outside girders are spaced 12 ft 5 in. center to 
center from the next interior girders. These 
outside girders extend to the top of the side- 
walks and form the curbs. The sidewalks and 
parapets are cantilevered from the tops of 
these girders. The center span of the bridge 
is 82 ft measured along the bridge centerline 
and the two end spans are each about 66 ft 
from center of pier to center of bearing on the 
abutments. 

The bridge is designed according to 
AASHO 1941 standards for H-20 loading, 
except that the 9 in. thick deck slab is 
designed for 24,000-lb point loading accord- 
ing to the 1944 revision of the standard. 
Unit stresses conform to the 1941 standard. 
The bridge superstructure was of 3600-psi 
concrete and 3000-psi concrete was used in 
the footings, abutments, retaining wall, and 
hand rail posts. The girders on the center- 
line of the bridge are 6 ft deep from top of 
slab at the piers and 4 ft deep at midspan. 
The depth of the other girders is adjusted so 
that the bottom of all girders is at the same 
elevation as that of the centerline girders. 


Piers and abutments 

Each pier consists of five reinforced con- 
crete columns (Fig. 3) into which is built a 
12 in. wide flange steel column core with pin 
hinge at the bottom (Fig. 4). The columns 
are 36 in. square with chamfered corners and 
are set so that they are normal to the deck 
girders. Thus the upstream column presents 
its corner to the flow of the current and forms 
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DETAIL OF GIRDERS 
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Fig. 2—Details of end-span girder (G7) and center-span girder (G8) 
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Fig. 3—Pier elevation 


a cutwater for the piers. The columns are the bottom of the deck girders to well below 
connected with a 10 in. thick reinforced low water, thus forming a continuous pier. 
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to a reinforced concrete pile cap which is in 
turn supported on a cluster of six 12-in. H- 
piles driven to rock. 

Each abutment is supported on a continu- 
ous strip footing which is in turn supported 
on a double row of 12-in. steel H-piles driven 
to rock. The ends of the deck girders rest on 
grooved bearing plates and each girder has a 
corresponding grooved bearing plate attached 
to the bottom of the girder which fits the 
bearing plate on the abutment. These plates 
provide bronze to steel contacts which 
facilitate longitudinal movement of the gird- 
ers caused by temperature changes. The 
extreme temperature range in this location 
between direct sun in summer and extreme 
low in winter is about 170 deg. Openings are 
provided through the abutments for the con- 
duits located in the side girders of the bridge 
and also for water mains which are suspended 
below the deck. 


Superstructure details 

The bridge rails have cast-in-place orna- 
mental concrete posts spaced 15 ft 2 in. center 
to center along the parapet. These are con- 
nected by steel panel rails made with a top 
member of 31%-in. standard steel pipe to the 
bottom of which is welded a 3-in. 6-lb standard 
steel channel. The bottom member of the 
panel is a 3-in. 6-lb standard steel channel 
with the back up. Vertical steel bars, 2 x 
V4 in., extend from the bottom member to the 
top member at 6 in. on centers, and are 
welded to them with continuous fillet welds. 
All welds were ground smooth before paint- 
ing the rail. The panels are connected to 
the concrete posts with sliding joints to 
allow for expansion and contraction. The 
bridge rail is extended along the top of the 
retaining wall on both sides of the bridge a 
sufficient distance to protect the public. 

The reinforced concrete retaining wall on 
the north side of the river channel is a T- 
section wall supported on a continuous ribbon- 
type footing, which is in turn supported on a 
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double row of creosoted wood piles driven to 
refusal. The retaining wall makes contact 
with the north bridge abutment at each end 
of the abutment but is not rigidly connected 
to it. 

An expansion joint is provided at each end 
of the bridge deck between deck slab and 
land-based pavements and sidewalks. Where 
the curved sidewalk at the north end of the 
bridge overhangs the retaining wall, there 
is a 30 ft long section of sidewalk which is 
cantilevered from the top of the wall and 
rigidly connected to and supported on the 
retaining wall. 

Six bridge floor drains are provided along 
each side of the roadway which discharge 
through the deck of the bridge into the river 
channel. Cast iron drain pipes are built 
into the retaining wall at about 50-ft centers 
and located just above low water line to drain 
off any seepage water from behind the wall. 
Construction joints in the wall are covered 
with cloth fabric membranes on the back of 
the wall to prevent seepage through these 
joints. 
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was designed, and also by the Minnesota 
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the bridge was delayed for several years and 
Ralph E. Monson was city engineer at that 
time. Prior to construction a quantity sur- 
vey was made so that the contract could be 
let on a unit price basis. L. M. Feller of 
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Field supervision was by the city engineer. 
Water H. WHEELER, Con- 
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Conditions of Design—Floors (LR 50-2) 


With reference to Section 702 (e) of the 
ACI Building Code, it seems that some engi- 
neers do not appreciate or grasp the meaning 
it conveys; others, particularly in Canada, 
simply disregard it, using as their argument 


the rather sad fact that the Canadian Build- 
ing Code does not contain limitations similar 
to those under Section 702 (e) of the ACI 
Code. 

Obviously the limitations under discussion 
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are based on the criterion that a reinforced 
concrete section after formation of cracks in 
the tension zone should have a resisting 
moment equal to or greater than that of a 
plain concrete section of the same dimen- 
sions, prior to formation of cracks in the 
tension zone. 

Thus, the resisting moment of a plain 
concrete section of width b and depth h 
would be: 

i.” X bh? 

M, = r 
where f.”= tensile stress, psi, at rupture 

On the other hand, the resisting moment of 
a reinforced concrete element of above dimen- 
sions would be: 


M, = Acfajd = pf. jbd? 


Equating the above two expressions for 
M,, we obtain the minimum required per- 
centage of reinforcement: 


££ ,a 
Pe Od\a 


In flexure, f.” is about twice its value in 


direct tension, the latter being equal to Lowy.’ 
A little thought to the matter, viz., an 
example, points to the importance of the 
limitation and its conveyance to design engi- 
neers. 
B. A. Netrupsky, Structural 
Engineer, Vancouver, B. C., 
Canada 


Bar Spacing Table for Cross-Sectional Drawings (LR 50-3) 


On a drawing, the actual placing of dots, 
evenly spaced, representing reinforcing bars 
in cross section, becomes tedious, especially 
if a large number of points have to be drawn. 
Of course, a draftsman can always draw the 
first and last bars of a series, but it is some- 
times better to represent all bars. To assist 
the detailer, 
available. 


three principal schemes are 


First n.ethod 


One method consists of dividing the first 
part of a line, using the same scale as the 
rest of the drawing, until an even number of 


feet is reached (Fig. 1). Then setting the 


Fig. 1—Spacing of bars at 9 in. 0.c. on scale 
of 3/16” = 1’-0’ 


ruler zero on the last dot (C), plot all multiples 
of this even foot number. Moving the ruler 
zero to the left dot, repeat until the first 
point is reached. 

For example, working on a 3/16-in. scale 
to lay bars at 9 in. o.c. on a line A,B (Fig. 
1), divide A.C in four 9-in. parts using scale; 
hence A,C = 3-0". Plot all multiples of 
3’-0” setting the ruler at C, As, Ao, and A;. 


Second method 

An alternative is to lay the scale at which 
the plan is drawn at an angle so that even 
feet, when projected, represent the correct 
spacing. 

If working on a scale of 4%” = 1'-O0” and 
the bar spacing required is 7 in. (Fig. 2), 
A.C is then made equal to 7’-0". From C, 
erect a perpendicular and lay ruler zero at 
A so that the 12’-0” mark coincides with the 


KY pf fo 4-0-0040 ~¢ ¢ e 
£_¥Y f fe 3 ‘ 3 © ? 

A +++ y ; 

f / { umoer of aa? Equal te 
Ned Seocing of Bors meres 
™~ 


Fig. 2—Spacing of bars at 7 in. o.c. on scale 
of %” = 1’-0’ 


vertical. Plot lightly every even foot and 
with set square project dots on to the base 


line. 
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TABLE 1—BAR SPACING TABLE 


Bar. 
spacing, in. 


3/32-in. 1/8-in. 


“* | — 





3 
4 
416 


5 . | 3.125—60 


1.25—1/16 


1—3 /32 


18 


Third method 

To simplify, many engineers use the direct 
scale method whenever possible. A -in. 
scale will place bars at 6 in. o.c. on a 4-in. 
scale plan or at 3 in. o.c. on a 1-in. scale 
plan, etc., but that is ordinarily limited in 
scope. 

Nevertheless, we are fortunate that by 
using 3/32-in. scales and the engineer’s scale 
on top of the usual ratios, a nearly complete 
table can be developed (Table 1). 














Fig. 3—Spacing of bars at 5 in. 0.c. on scale 
of %” = 1’-0” 
To space bars 5 in. o.c. on a plan at a scale 


Gravity Dam Design (LR 50-4) 


When building a high gravity dam it may 
at times be advantageous to build a small 
section first, as indicated in Fig. 1, to prevent 
upstream debris from being washed into the 
excavation in case the cofferdam is over- 
topped. The obvious objection is that the 
finished structure may 
monolith. 

The stresses at the joint for a full reservoir 
may be found as shown below on the assump- 
tion that the stresses are linear. This is the 


not function as a 


3/16-in. | 


Drawing scales 


1/4-in. 3/8-in. 1/2-in, 
; tins 
3.125—60 6.25—60 
2.5—40 5-40 


5—60 


3” = 1’-0", the table ratio is 2.4—1/16, 
that is, laying the inch scale on line AB and 
plotting every 2.5 sixteenths of an inch, the 
required result is obtained (Fig. 3). This is 
mathematically correct because: 

5” Xx 

12” 

Using the engineer’s scale 1” = 60’, it is 
possible to plot bars at 8 in. o.c. on a plan 
drawn at 44” = 1’-0” scale by placing dots at 
every tenth division. Again: 

8” 1 1 10 

ae I on oy —-— = — 

12 4 6 60 

Marc Benoit, Design Engi- 
neer, Shawinigan Engineering 


Co., Ltd., Montreal, Que., 
Canada 


usual assumption, adopted primarily because 
it greatly simplifies the computations. Theo- 
retical considerations as well as model tests 
have shown that due to the restraint at the 
foundation, the 
approximation, 


linear assumption is an 


even when 


stresses are disregarded.* 


temperature 


*See for example the writer’s paper ‘Stresses in 
Gravity Dams by the Principle of Least Work,”’ Trans- 
actions, American Society of Civil Engineers, V. 96, 
1932, p. 489. 
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} 
Fig. 1—Section of gravity dam 


Let c=weight of concrete, lb per cu ft; 
w = weight of water, lb per cu ft; k=tan 
(a) = B/H; ny, nz, and t, vertical, horizontal, 
and shear stresses on horizontal and vertical 
planes as shown in Fig. 1. The stresses at 
point P of Fig. 1, with reservoir full, obtained 
by equating the forces due to the weight of 
the dam and the water pressure, are 

ny = (c — w/k*)y — (ce — 2w/k?) x Mt (1) 

nz = wyandt = t, = ty, = waz/k? 

For a gravity dam designed for full uplift, 
i.e., so dimensioned that at the upstream 
face, where z = 0, n, = n,, so that from 
Eq. (1) 

c = w(l + k*)/k? 


ee 
ny = wy + wl — k*) 2/k ) 


As a check, at the downstream face, where 


x =ky,n, X nz = t?, as it should. The 
shear stress t. in a plane making an angle 
¢@ with the vertical upstream face is (see Fig. 
2) 

t, = t, sin? @ — t, cos? @ + (nm, —nz) sin 

COs > 
When @ = a, the plane is parallel to 
the downsteam face, and sin? a = k?/(1 + 
k?); cos? a = 1/(1 + k*); sin a X cos a = 
k/(1 + k?) and consequently t. = 0; Ze., 
there is no shear stress in a joint which is 
parallel to the downstream face. 

The normal stress on an inclined plane is 
(see Fig. 2) 

Pn = ny, sin? @ + n, cos? @ — (tz + t,) 

sin @ X cos @ 
and when ¢ = a 


Pn = wly — 2/k) (3) 
As a check, at the downstream face where x 
= ky, p, = 0, as it should. 

At any point A in the joint (see Fig. 1) y 
=h +z and z = kz, and the stress normal 
to the joint is p,’ = wh. 
in the reservoir is w(h + z) and, as stated, 
the shear stress is zero. 


The water pressure 








rat \ ae 
\ oer" 
\ 


‘5 
> 
‘ 


Fig. 2—Stresses in dam section 


If the dam is 300 ft high and the small sec- 
tion 50 ft, the pressure across the joint for 
reservoir full would be p,’ = 62.5 * 250/144 
= 108.5 psi; this is also the reservoir pres- 
sure at the top of the small section where 
z = 0; at the base of the dam the reservoir 
62.5 K 300/144 or 130 
psi. As the water is lowered, this pressure 


pressure would be 
difference decreases and when the water is 
100 ft below the crest, the pressure across the 
joint at the base is p,’ = 134 psi, the reser- 
voir pressure is 87 psi and the shear stress is 
68 psi. 

At the lower levels where the pressure 
across the joint may be smaller than the 
reservoir pressure, the joint is downstream 
from the waterstop. In the writer’s opinion 
the structure would act as a monolith. 


B. F. Jakossen, Consulting 
Engineer, Menlo Park, Calif. 
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Tensile Behavior of Concrete in Reinforced Concrete (LR 50-5) 


In the paper “Ultimate Strength and 
Cracking Resistance of Lightly Reinforced 
Beams,”* Professor Lash has again raised 
some of the contentious aspects of the be- 
havior of reinforced concrete beams and on 
two of these the writer would like to comment. 

Professor Lash shows that the ultimate 
load of lightly reinforced beams is higher 
than that calculated. This has also been ob- 
served by Jensen! who assumed that in such 
cases the steel stress exceeded the yield value. 
This explanation was also proposed in the 
discussion of Guerrin’s paper.? 

Another possible explanation may be found 
in the work of Johnson.* According to this, 
the steel stress is highest across a crack so 
that yield will most likely occur at such a 
place. A crack, however, occurs at a place 
at which the tensile strength of the concrete 
is lower than that in the immediate neighbor- 
hood, but it need not correspond to the 
weakest point in the length of a reinforcing 
rod. On the other hand, the value of the 
yield stress determined from a tension test 
of a reinforcing bar is the minimum value of 
the yield within a certain length. Thus it 
is probable that the yield of the reinforce- 
ment which leads to failure of a beam takes 
place at a higher load than that calculated 
on the basis of the yield stress of sample 
of the reinforcement. 


The question of whether the modulus of 
rupture of concrete depends on the amount 
of reinforcement present is an interesting 
problem. The present writer’s experience 
is that the cracking stress in a reinforced 
beam is usually lower than the modulus of 
rupture determined from unreinforced beams 
of the same size. However, some of the re- 
cent work of the Division of Building Re- 
search, Commonwealth Scientific and In- 
dustrial Research Organization, Australia, 
on the tenstile strength of concrete may have 
a bearing on the type of results reported by 
Professor Lash in his Table 2.* 

Measurements have been made of the sur- 
face strain on unreinforced concrete beams 
under third-point loading, and also on un- 
reinforced discs supported around the peri- 
phery and loaded through a centrally placed 


*ACI Journat, Feb. 1953, Proc. V. 49, p. 573. 


steel annulus. These measurements when 
considered in the light of work by Jones‘ 
and Berg® suggest that the load at which 
cracking begins in an unreinforced specimen 
is measurably lower than its ultimate strength. 
For beams, the ratio of cracking load to 
ultimate is about 85 to 90 percent and for 
discs 65 to 70 percent. The existence of such 
a reserve of strength above the load at which 
the material begins to crack seems novel, and 
it may be that this reserve of strength be- 
comes greater in the presence of reinforce- 
ment. The exact mechanism of this would 
be difficult to explain, but then so is the 
mechanism whereby the tensile strength of 
the concrete itself is increased simply by be- 
ing in close proximity to steel. 

The whole question of the conditions under 
which concrete cracks requires further study 
since it has an important influence on the 
amount of prestress required in prestressed 
construction and on the corrosion resistance 
of a member. 


References 

1. Jensen, V. P., “The Plasticity 
and Its Effect on the Ultimate 
Strength of Beams,” ACI Journat, June, 
1943, Proc. V. 39, pp. 565-582. 

2. Guerrin, A., “Le Calcul a la Rupture du 
Beton Arme l’Intervention du Beton 
Tendu,” Annales de L’ Institut Technique du 
Batiment et des Travaux Publics (Paris), No. 
15, Jan. 1952. 

3. Johnson, 


latio of 


Concrete 


A., “Berakning av Deforma- 
tioner i Armerade Betong-konstruktioner 
efter Sprickbildningen,” Bulletin No. 6, In- 
stitutionen for Byggnadstatik Kungl. Tek- 
niska Hogskolan, Stockholm, Sweden, 1950. 

4. Jones, R., “A Method for Studying the 
Formation of Cracks in a Material Under 
Stress,” British Journal of Applied Physics, 
V. 3, 1952, pp. 229-232. 

5. Berg, O. Y., “Strength and Plasticity 
of Concrete,” Doklady Akademii Nauk 
S.S.S.R. (Russia), V. 70, pp. 617-620. 


Frank A. Buiaxey, Officer- 
in-Charge, Concrete Section, 
Division of Building Re- 
search, Commonwealth Scien- 
tific and Industrial Research 
Organization, Highett, Vic- 
toria, Australia 





of Significant Contributions in Foreign and Domestic Publications 


Bridges 
Low cost concrete bridge has simply supported 
steel span 


Homer M. Hap ey, Engineering News-Record, V. 150, 
No. 20, May 14, 1953, p. 58 
Reviewed by G. L. CurpMan 
Describes details of steel work in a 252-ft 
concrete bridge which has been constructed 
in King county, Wash., for $7.92 per sq ft. 
The central 60-ft section of the main span 
has been constructed with four 36 WF 150 
beams as the primary members. Flanking 
spans are concrete box girders cantilevered 
a few feet at the inshore end and 271% ft over 
the river as part of the main span. 


Nonelastic behavior of bridges under impulsive 
loads 
8s. J. 
ASCE, 
$0.50 


FRAENKEL and L, E. 
Separate No. 185, V. 


GrinTER, Proceedings, 
79, Apr. 1953, 20 pp., 


AuTuors’ SUMMARY 


A method for predicting the effects of 
loads that vary with time on bridges and 
other structures when deformations extend 
into the plastic range is presented. Although 
such analyses are necessarily more complex 
than the use of statics, the method presented 
requires only numerical techniques. Hence, 
the computations are of a routine nature 
fitted to the procedures of a design office. 
The bridge studies reported in this paper 
aid in determining which bridges, under 
atomic attack, are most susceptible to 
damage, and the bridge characteristics that 
are desirable for resisting blast. 


Because the immediate questions would be 
whether the span should be long or short, 
whether mass is to be added or avoided, 
whether girders or trusses are to be preferred, 
and what effect is to be expected from change 
of elevation above the water, the answers to 
these questions were sought. To reduce the 
number of variables, a group of simple railway 
spans ranging from 50 ft to 519 ft were 
studied to determine the permanent de- 
flections produced by the explosion of a 
nominal atomic bomb 2000 ft vertically above 
the center of the span. The numerical 
answers obtained are not as significant, of 
course, as the relative damage sustained as 
a function of span, mass, elevation, and type 
of structure. 


Dams 


Investigation of field methods for determining 
air content of mass concrete 


Technical Memorandum No. 6-352, 
periment Station, Vicksburg, 
47 pp., $1 


Waterways Ex- 
Miss., Nov. 1952, 


AvuTHOR’s SUMMARY 


A series of 108 tests using 2.77- and 0.44- 
cu ft air meters was made at Clark Hill Dam 
in an attempt to determine the most feasible 
means of obtaining air content of freshly 
mixed mass concrete. The bowls of the air 
meters used for determining gravi- 
metrically the air content of the same samples 
later tested by the pressure method. Results 
obtained indicated that sampling error was 
present when the 6-in. aggregate 


were 


concrete 
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was tested in the 2.77-cu ft apparatus for 
determination of air content by either the 
pressure method or gravimetric method, but 
that the effect of the error was greater for 
the gravimetric method. The 0.44 cu ft 
meter gave consistent results and was less 
susceptible to operator variation than the 
larger apparatus but concrete had to be 
wet-sieved through a 1%-in. sieve before 
using, and lost air in the process. None of 
the test methods investigated at Clark Hill 
were fully satisfactory. 

A new method was then proposed which 
corrected for sampling error by washing the 
coarse aggregate from the test sample on a 
No. 4 sieve after the test. Several procedures 
for preparation of the sample entering the 
air meter bowl were devised and the method 
was tried on 60 samples of 6-in. aggregate 
concrete at Pine Flat Dam. 

It was found that the air content of a 
sample of 6-in. aggregate concrete could be 
determined satisfactorily by the pressure 
method if the sample was wet-sieved through 
the 3-in. sieve, consolidated by internal 
vibration in a single layer in the bowl of a 
0.44-cu ft meter, tested for air content, 
washed over a No. 4 sieve and the volume 
of the material retained on the No. 4 sieve 
determined. The effect of sampling error 
was eliminated, and with simple calculations 
the air content could be determined in the 
mortar (cement, water and sand passing No. 
4) and could be calculated for the full mixture. 


Tignes Dam in French Alps constructed with 
American equipment 


Pavut A. Monraane, Civil Engineering, V. 22, No. 11, 
Nov. 1952, pp. 25-28 


Reviewed by G. L CuipMan 


This thin-arch concrete structure has a 
maximum height of 590 ft above bedrock, a 
thickness of 140 ft at the base, and a crest 
length of 980 ft. It required about 825,000 
cu yd of concrete. The principal items of 
equipment and the layout of the construction 
plant are described. 

The concrete, which was designed to save 
cement by the use of large size boulders up 
to 10 in. and gap grading, was difficult to 
place and often required the addition of 
more cement to offset sand and water added 
to facilitate placing. When dust from the 
crushed limestone aggregate got into the 
concrete, the air-entraining agent did not 
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perform well, the concrete becoming harsh 
and unworkable. The gap grading and size 
of the boulders made the situation more 
critical. The only solution was to add more 
sand and water, and hence more cement to 
keep a constant water-cement ratio. 

Another difficulty was that the normal 
output of the crushing plants did not con- 
form with the specified requirements of the 
gap grading. The large boulders also caused 
excessive wear of handling equipment. 

As a result of all these expenses—changes 
in plant, excessive maintenance, and increased 
use of cement due to the just average work- 
ability of such a “sensitive’’ concrete—no 
saving evident by using the 10-in. 
aggregate. The author believes that a 
6-in. maximum sized aggregate, instead of 
10 in., would have been preferable. 


was 


Dam _ modifications 
models 

E. S. Harrison and Cari E. Kinpswarer, Proceed- 
ings, ASCE, Separate No. 184, V. 79, Apr. 1953, 17 
pp., $0.50 


checked by hydraulic 


AvuTHoRS’ SUMMARY 


Reconsideration of the maximum design 
flood, and a review of the stability analyses 
for the 25-year old Bartlett’s Ferry Dam, on 
the Chattahoochee River near Columbus, 
Ga., showed that the dam was deficient in 
freeboard and _ stability. Furthermore, a 
review of assumptions made for the original 
design indicated that, with the reservoir at 
normal pool level or above, the concrete 
spillway section was probably subject to 
tensile Field measurements 
showed that high uplift pressures existed 
within the dam. Measures undertaken to 
remedy these conditions are described. 
Structural modifications, which were com- 
pleted in 1950, included the installation of 
drains, the raising and strengthening of the 
non-overflow sections of the dam, and the 
addition of prestressed, reinforced concrete 
buttresses to the spillway section. Questicns 
regarding the effect of the latter modification 
on the hydraulics of spillway operation 
called for extensive hydraulic model studies. 
Models were used also to obtain information 
pertinent to the structural design of the 
buttresses and certain appurtenances. Re- 
sults of the uplift measurements, a description 
of the structural modifications to the dam, 
and a discussion of the model tests are given. 


stresses. also 
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Design 


Calculation of reinforced concrete roof shells, 
I Gin Dutch) 


A. M. Haas, Ingenieur, V 
pp. 74-78 


. 64, No. 50, Dec. 


1952, 
APPLIED MecHanics REVIEWS 
July 1953 (Esmeijer) 
In the third part of this expository article, 
author gives a survey of simplified methods of 
calculation. Limits of application of the 
methods should be clearly stated. Much 
research remains to be done on the problem. 


Equations of the continuous frame 
Tuomas C, CoLemMan, Journal of the Boston Society 


of Civil Engineers, V. 40, No. 2, Apr. 1953, pp. 133-151 

Reviewed by Aron L. Mirsky 
of the method of 
Author indicates work required 
may be reduced by judicious selection of 
principal terms, and discusses a method of 
rating the equations involved in the solu- 
tion to accomplish this. A two-span gabled 
roof truss, involving 31 unknowns, is ana- 


Presents a variation 


substitution. 


lyzed; solution yields horizontal and vertical 
reactions as well as moments directly. 


New approach to the elastic analysis of two- 
dimensional rigid frames 
4. Botton, Structural Engineer 
No. 1, Jan. 1952, pp. 1-13 
AppLieED MecHranics REVIEWS 
Nov. 1952 (Smith) 


(London), V. 30, 


Author proposes a method for analysis of 
rigid frames in which he _ utilizes better 
features of slope-deflection, moment. distri- 
bution, and relaxation. Slope-deflection is 
modified by use of type solutions; an example 
is given to illustrate reduction of number of 
equations. Characteristics of present 
methods used are: (1) tabulation similar to 
that of moment distribution; (2) basic 
formula of slope-deflection; (3) relaxation 
patterns; and (4) type-solution methods. 
Proposed solution has four steps: (1) compu- 
tation of constants with joints fixed against 
translation and rotation; (2) computation of 
unit values for all possible deflections and 
rotations; (3) combination of results from 
steps two and three considering limiting 
conditions as imposed by type of structure; 
and (4) relaxation of fixed-end constants 
using patterns obtained in step three. Five 
examples are given which include single- 
span bents, multistory bents, multistory 
three-span bents, and a gabled bent. 
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Tables for calculation of structures by the 
method of energy of deformation (in Portugese) 


J. F. Da Sutva, Jr., Inst. Pesg. Tecnol. Sao Paulo 
Publ., No. 451, 1952, 50 pp. 

AppLieED MecHANICS REvIEWs 

Apr. 1953 (Bignoli) 


Tables to solve the expression { M Mds 


for straight beams with arbitrarily varying 
moment of inertia J. The variation of J is 
considered with the coincidence in 12 sections 
of the approximated function adopted for it 
(method of Prof. van Langendonck). In 
reviewer’s opinion, these tables permit a 
closer approximation to the variation of J 
than other known tables. The fact of adopt- 
ing a variation of J without establishing the 
shape of the makes the 

applicable independently of this shape. 


section, tables 

The possibility of a more accurate approxi- 
mation to the variation of J must be useful 
to cover the region in which Beyer’s tables 
are not very precise, 7.e., for long haunches 
with otber than rectangular sections. This 
possibility justifies the slightly greater amount 
of material work that their application 
demands. The combinations of diagrams M 
and M, including cases corresponding to 
partial loading, have been selected with good 
practical criteria. 

The observation could be made that the 
title of the publication is not in good agree- 
ment with its real object. Doubtless a work 
of practical value, especially as a complement 
to known tables for the same purpose. 


Materials 


Alkali-aggregate reaction in California con- 
crete aggregates 
RicHarp Merriam, California Division of Mines 
Special Report No. 27, 1953, 10 pp., $0.35 
CeRAMIC ABSTRACTS 
July 1953 (Turner) 
The principal cement-aggregate reactions of 
California aggregate occur between cement 
alkali and opaline chert or intermediate to 
acid volcanic rocks. Expansion, cracking, 
and deterioration are the usual results of 
such reactions. Service history, mortar bars, 
chemical analyses, and petrographic exami- 
nations aid in determining the reactivity of 
aggregates. Specific sources of California 
reactive aggregates are discussed. Reaction 
may be inhibited by limiting the alkali con- 
tent of the cement or by adding a pozzolan. 
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Flame photometric determination of magnesium 
oxide in portland cement 
T. C. Wiison and N. J. Krorincer, ASTM Bulletin, 


No. 189, Apr. 1953, pp. 56-58 
Reviewed by G. L. CurpMan 
Describes a rapid method for determination 
of magnesium oxide using a flame spectro- 
photometer. The sample solution used for 
magnesium oxide may also be used for the 
determination of sodium and _ potassium 
oxides by flame photometry and sulfur tri- 
oxide by nephelometry. Comparison with 
the standard gravimetric method on a num- 
ber of samples indicates average accuracy of 
+().2 percent. 


Sydney foamed slag as a lightweight aggre- 
gate 
M. R. Foran, Spencer Baur, R. E. Jonnson, and 
J. R. Watiace, The Engineering Journal (Montreal), 
V. 36, No. 5, May 1953, pp. 566-572 
Reviewed by Aron L. Mirsky 
A thorough summary of physical and me- 
chanical characteristics of slag (produced by 
the pit method) and of concrete building units 
made therewith. The slag is shown by 


standard tests to be an excellent lightweight 
aggregate producing a concrete which may be 
cast in place or used to manufacture precast 


building units; the resulting concrete has low 
k values, remarkable resistance to freezing 
and thawing and to impact, and excellent 
suitability for conditions of severe moisture 
condensation, although it is recommended 
that exterior walls of this material be sealed 
against the entrance of moisture by stucco 
or cement-water paint. 


Heavy-aggregate concrete 


H, P. Mrrret, The Trend in Engineering at the Uni- 
versity of Washington (Seattle), V. 5, No. 2, Apr. 1953, 
pp. 14-17 

Reviewed by Aron L. Mirsky 


Although heavy-aggregate concretes have 
long been used for counterweights and other 
items requiring high unit density, little atten- 
tion has been given to their structural charac- 
teristics until their use, in large volume, as 
radioactive shielding in the construction of 
reactors. 

Five mixes were studied, four heavy aggre- 
gates and one using Hanford sand and gravel 
as a control: LP, LL, LM, MM, and HH 
(first letter = fine, second = coarse aggre- 
gate; L = limonite, P = steel punchings, 
M = magnetite, H = Hanford). The slump 
was 3 in.; cement factor was high (10 bags 
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per cu yd for the LP mix, 9 for the others). 
Results indicated the heavy-aggregate con- 
crete had rather higher expansion (because 
of the high cement factor), lower compressive 
strength, lower modulus of rupture (but show- 
ing good correlation with the compressive 
strength results), and lower bond strength, 
as compared to the Hanford-aggregate con- 
crete; author concludes however that these 
concretes “compare favorably with ordinary 
portland cement concretes. If they prove 
to have the necessary shielding properties, 
they can be considered adequate for their 
purpose.” 


Pavements 


Curing concrete pavements in Kansas 
R. L. Peyton, Proceedings, Highway Research Board, 


V. 31, 1952, pp. 166-176 

Results of two years’ experience in wet- 
earth curing are reported. The use of damp 
burlap for the first 24 hr provides initial 
protection, after which the pavement is cov- 
ered to a 4-in. depth with a moist-earth cover. 
The earth cover is kept moist for 10 days, 
left in place 20 days for a total of 30 days dur- 
ing which all traffic is excluded. The end 
product seems much stronger and more 
durable than slabs cured by other means. 
Kansas has eight projects under study in 
which beams are exposed to the elements in 
the same manner as the slabs with the ex- 
ception of traffic loadings. Records indicate 
high flexural strength and a continuous slow 
gain in strength. 


Airports 
Pare A. Haan, Aviation Age, June 1953, p. 226 
ARBA TecunicaL INForMATION DIGEST 
July 1953 
The report includes information on many 
factors which influence the design of air- 
ports. Concerning the effect of spillage and 
exhaust of jet propelled aircraft on airport 
pavements, it is generally agreed that spillage 
is not a serious problem. The effect of the 
jet blast, however, is important. Observa- 
tions on military fields disclose that (1) there 
is no damage to the pavement while the jet 
aircraft is in motion, (2) the areas seriously 
affected by the blast are confined to loca- 
tions where sustained engine run-ups occur, 
and (3) as the angle of the blast approaches 
the horizontal, the less important it becomes 
as far as the pavement is concerned. 
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Patching pavements properly 

Georce E. Marttin, Public Works, June 1953, p. 76 
ARBA TecunicaL InrorMATION Dicest 

July 1953 
Author first considers the general causes 
for failure of pavements and the problem as 
yrarious pavement types. The 
various materials and equipment used in 
patching are described. The preparation for 
patching, and finally, the process of making 
the patch or other repair is discussed in detail. 


it occurs in 


Road test one—MD 
Special Report No, 4, Highway Research Board, 1952, 
168 pp. 

Final report on Road Test One-MD, 
conducted to determine the effect of con- 
trolled truck axle loadings on concrete pave- 
ment. The report is divided into four major 
sections; general summary of project, traffic 
test procedures and results, analysis of soil 
data, and analysis of structural effect of 
heavy vehicle loads. An extensive appendix 
contains basic data on soil, pumping, crack 
development, and slab settlement. 

The research developed information on 
(1) load-stress and load-deflection relations 
for slabs on granular soil where no pumping 
existed, for slabs on fine-grained soil prior to 
the development of pumping, and for slabs 
on fine-grained soil after pumping had de- 
veloped; (2) comparisons of the effects of 
single- and tandem-axle vehicles; (3) effect 
of speed and transverse placement of vehicle, 
load transfer, faulting, and warping of the 
slab on the magnitude of stresses and de- 
flections and (4) stresses 
resulting from restrained warping of the slab. 


‘aused by loads; 


Testing of concrete pavements and asphalt 
compounds for sealing of joints (in Swedish) 


Per Ovov Jonsson, Proceedings No. 107, Statens 
Provningsanstalt, Stockholm, 1951, 14 pp. 
Numerous tests were made on concrete 
beams sawed out of airport pavements. The 
results of the investigations showed, among 
other things, that concrete beams, sawed 
out of pavements in general had lower ten- 
sile strength in bending than standard 
beams, 10 x 15 x 80 cm, cast at the same 
time as the pavement. In some cases the 
concrete contained accumulations of small 
and large pores. Observations indicating 
segregation of fresh concrete were uncommon. 
As to pavements placed directly on a sand 
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bed, their bottom surfaces were in many 
vases uneven and rough. Pavements placed 
on a layer of paper had considerably smoother 
and more even bottom surfaces. 

In Sweden there are no standard specifi- 
cations for asphalt joint sealing compounds. 
A brief report gives a testing procedure to 
be used in checking the suitability of com- 
pounds. 


Airfield pavement vibrated full depth 
Engineering News-Record, V. 150, No. 26, June 18, 
1953, p. 39 
Reviewed by S. J. CHAMBERLIN 

An improved internal vibrating machine 
with nine 3-in. heads compacts the concrete 
across a 25-ft width and to a full depth up to 
20 in. 
and having a slump of 1 in. or less can be 
finished immediately after being vibrated. 
The vibrators are driven from a generator 
carried on the frame. The unit can be 
lowered and rotated in the direction of travel 
hydraulically. 


The concrete of low water content 


Grouted concrete roads 
E. A. NaprrsHan, Journal of Indian Roads Congress, 


V. 16, No. 1, 1951, pp. 77-130; Road Abstracts (London), 
V. 19, No. 8, Aug. 1952 
Hicguway Researcn ABSTRACTS 
Oct. 1952 
Practical difficulties encountered in making 
mortar-grouted concrete roads and 
methods of overcoming these difficulties are 
reviewed. Details are given of a method in 
which the fluidity of the grout is increased 
by the addition of a wetting agent consisting 
of alkali salts of the higher sulfonated 
alcohols. Any coarse aggregate is said to be 
suitable, provided the largest size of stone 
is not greater than half the thickness of the 
finished slab. The coarse aggregate is dumped 
on the prepared subgrade, levelled between 
forms, and rolled slightly. The grout con- 
tains clean river sand or crushed stone 
screenings (1/8 to 1/100 in.), and is usually 
prepared in a concrete mixer, the constituents 
being added in the following order: 
dispersing agent, cement, sand. The pro- 
cedures for grouting, compacting and finishing 
are explained. Experiments with this type 
of surfacing in Bombay are described and 
information on costs is given; it is said to 
be cheaper to construct surfacings of grouted 
concrete than of conventional pre-mixed 
concrete. * 


various 


water, 
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The tetrapod: science develops a jetty block 
Engineering News-Record, V. 150, No. 2, Jan. 8, 1953, 
pp. 32-35 
Reviewed by G. L. CarpMan 
A description of a new type jetty block 
which has been used successfully in three 
North African harbors. The block consists 
of a central body from which radiate four 
symmetrically-spaced truncated conical legs. 
The blocks are produced in 4, 15, and 25-ton 
sizes and are placed by random dumping. 
The following advantages are claimed for 


these blocks: assure permeability of the 


breakwater; give it a rough surface; con- 
tribute to its stability and strength; relative 
lightness of blocks and handling equipment. 


Manual on precast concrete construction 
F. Toomas Co.itns, San Gabriel, Calif., 1953, 71 pp., 
$25 


¥ 45) 

Methods and procedures are shown for 
general precast concrete construction. Much 
of the material is concerned with flat casting 
of walls and slabs, but thin-shell precast con- 
crete construction is also covered. Sketches 
are used extensively throughout the text to 
illustrate form details, joinery details, and 
erection equipment arrangements and inserts. 

History of precasting and patents are re- 
viewed briefly; flat cast or tilt-up construc- 
tion is compared with thin-shell ribbed con- 
struction. Chapters are also devoted to 
casting surfaces and molds, bond breaking, 
painting precast concrete, construction 
scheduling, field layout, forms, panel fabri- 
cation, joinery, erection, and costs. 

The chapter on forms is quite extensive, 
covering forming of wall panels, sandwich 
panel construction, forming of columns, 
bents, frames, and beams, and the vertical 
column or wall joint. The section on joinery 
covers joining of the precast wall to the con- 
crete floor and connection of the concrete 
wall to roof and floor structure for wood, 
steel, and concrete types of roof. The sec- 
tion on erection is devoted mainly to crane 
selection, lifting equipment, rigging pro- 
cedure, and bracing. A detailed cost survey 
of two typical buildings, one a type I build- 
ing and the other a type III building, show- 
ing the steps in the building operation at 
each step and breaking down the labor and 
material involved, is contained in the chapter 

‘on costs. 
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Precast panels form house wall veneer 
Concrete, V. 61, No. 2, Feb. 1953, p. 20 


The use of thin striated precast stone 
panels for forming exterior wall veneer of 
frame houses is described. Method of fas- 
tening the panels to the wood studding is 
given, as well as a brief description of the 
manufacture of the panels. 


New process for the manufacture of prestressed 
concrete elements with direct bond (Neues 
Verfahren zur Herstellung von Spannbeton- 
Elementen mit direktem Verbund) 
E. Braunsock, Betonstein-Zeitung (Wiesbaden), V. 
18, No. 10, Oct. 1952, pp. 372-373 
AvUTHOR’s SUMMARY 
Describes a process for the manufacture 
of prefabricated, prestressed concrete ele- 
ments with direct bond, which 
applied both in Austria and Germany. 
Drawn and alloy round bars with a breaking 
strength ranging from 140 to 220 kg per sq 
mm are being fastened to a steel plate by 
the aid of wedges. 


has been 


The anchor plates are 
supported by the stressing frame which may 
be made either of concrete or of steel. Both 
ends of the anchor plates which are facing 
ach other have tapered spindles in which 
the reinforcing elements are likewise fastened 
by grooved wedges. By turning the spindles 
the steel wires are drawn and stranded at the 
same time. Load tests on prestressed con- 
crete girders have shown that the cracks 
occur closely together and that until actual 
breaking of the girder they open up completely 
regular. 


Prestressed concrete 
Kurt Biiure, D. Van Nostrand Co., Inc., New York, 
N. Y., 1953, 478 pp., $9 

A textbook on prestressed concrete divided 
into three sections, the first dealing with the 
development of prestressed concrete and 
many of the systems in use, the second de- 
scribing methods of analysis, and the third 
giving examples of the design of structures. 

The first part deals with general data and 
fundamentals such as history and develop- 
ment, materials, production processes and 
types of structures, and some typical appli- 
cations. This is believed to be the most 
successful part of the book with the most 
important applications briefly, but ade- 
quately, reviewed. 
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Dealing with design, the second section 
covers notations, basic principles and assump- 
tions, loading stages, losses in prestress, bond 


and end anchorages, diagonal tension, con- 
tinuity, deformations, resistance to cracking, 
ultimate strength, and safety factors. 

The third part deals with design problems 
and includes a number of numerical examples: 
eccentrically prestressed I-joists and box 
girders, uniformly precompressed joists, girder 
bridge, slab bridge, Vierendeel transmission 
pole, radio tower, shell roofs, pavement slabs, 
compound reinforcement, railroad ties, pres- 
sure pipe, and tanks. 

A comprehensive bibliography and a list of 
patents issued in the United States, Great 
Britain, France, and Germany are appended 
to the various chapters. A ‘Draft Code of 
Practice for Prestressed Concrete’’ proposed 
by the author concludes the book. 


Cost analysis of prestressed structures 
Concrete, V. 61, No. 2, Feb. 1953, pp. 6-7 

An optimistic analysis of the costs and 
future of prestressed concrete in construc- 
tion. Cost of prestressed and reinforced 
concrete construction is compared. The re- 
duction in concrete and steel required in 
prestressed members is brought out. This 
saving in materials is offset by the higher 
grade concrete required, the higher cost of 
prestressing steel, and the high costs of 
fabrication. 


Construction of Ohio's first prestressed concrete 
bridge 
Greorce W. Vavueut, Highway Research Abstracts, 
V. 23, No. 5, May 1953, pp. 32-40 
AvuTHOR’s SUMMARY 

Roseville bridge, Ohio’s first prestressed 
concrete bridge, is an outstanding example 
of a practical approach to prestressing. Pre- 
stressing was selected for this five-span 
structure as it offered a large saving in critical 
steel plus an earlier completion date. 

Forty-five precast concrete beams, each 
having an over-all length of 46 ft, were pre- 
stressed by the pre-tensioned method. The 
beams were cast on the job site. The con- 
struction procedure used is not spectacular 
but is significant for its simplicity. This 
project shows that a contractor can make a 
success of his first prestressed concrete job 
and that pre-tensioned prestressing can be 
accomplished without an _ elaborate and 
costly set-up. 


Low-cost warehouse with prestressed girders 
Engineering News-Record, V. 150, No. 25, June 11, 


1953, pp. 41-43 
Reviewed by 8. J. CHAMBERLIN 
A 150 x 200-ft precast concrete warehouse at 
Long Beach, Calif., containing 82 prestressed 
girders spanning about 75 ft, cost $5.68 per 
sq ft. Precast walls and structural frame 
were used primarily to meet a rush schedule. 
The girders are I-shape, 56 in. deep with a 
web thickness of 7 in. and a flange width of 
20 in. The 5000-psi concrete was prestressed 
with 12 cables, each having seven button- 
headed \4-in. wires, post-tensioned to 145,- 
000 psi. Concrete for the lower flange was 
cast without coarse aggregate to insure 
adequate placement around cables. Heavily 
braced 14-in. steel plates were used as end 
forms because it was found that the weight 
of the cables buckled wood. Tilt-up wall 
panels, 6 in. thick, 29 ft high, and 22 ft wide, 
formed the exterior walls. Precast roof 
panels were 25 ft long, 4 ft wide, 10 in. deep 
at the edges with a 144-in. top slab. 


Long-span hollow roof slabs 
Engineering (London), V. 175, No. 4554, May 8, 1953, 


p. 605 
Reviewed by Aron L. Mirsky 

Describes gymnasium roof in London built 
with precast prestressed hollow slabs. Clear 
span of 40.75 ft is believed to be longest ever 
erected; width is 14 in.; depth varies from 8.5 
in. at ends to 10.5 in. at center, giving a span- 
depth ratio of about 50:1. Hollow channels 
are formed with aid of a pneumatic core with 
metal plates at top and bottom. During one 
working week 330 sq yd of roof were covered 
using mobile crane, despite extremely diffi- 
cult access conditions, attesting to ease of 
erection. 

Testing of these slab units was described 
in Engineering, V: 174, No. 4514, Aug. 1, 
1952, pp. 154-155 (see ACI Journax, Dec. 
1592, p. 344). 


Test post-tensioned highway slabs 


Engineering News-Record, V. 150, No. 17, Apr. 23, 
1953, pp. 59-61 


Tests on prestressed highway slabs in 
England are reported. Arrangement of pre- 
stressing steel and method used to form holes 
for prestressing steel is described. Elimi- 
nation of cracking of slabs by prestressing is 
cited. Costs of prestressed and reinforced 
slabs compare favorably. 
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Low-cost concrete housing 
K. P. Brutner, Concrete, V. 61, No. 3, Mar. 1953, 
pp. 30-32 
Reviewed by G. L. Cureman 

A brief article describing a recently com- 
pleted project of 200 precast, vacuum proc- 
essed, concrete homes in Colombia. These 
homes sell for $650 and it is the author’s 
opinion that by using similar methods, larger 
homes insulated and with heating can be 
built in this country for about $2500. 


Survey of housing research 
Special report of Housing and Home Finance Agency, 


Washington, D. C., 1952, 723 pp., $3 (available from 
Superintendent of Documents, Government Printing 
Office, Washington 25, D. C.) 

A summary of recent and current housing 
research and facilities for conducting such 
research throughout the United States. The 
survey was made by the Building Researcb 
Advisory Board of the National Academy 
of Sciences to ascertain what research is 
being done in the housing field, where it is 
being conducted, and what facilities are 
available for further studies. Some 200 
organizations were conducting investigations 
ranging from experiments in the use of plastics 
to replace metal in domestic piping to anal- 
ysis of family living patterns and housing 
preferences. More than 1000 projects are 
catalogued as underway or recently com- 
pleted. Of these, 70 percent deal with 
technical problems, 30 percent are concerned 
with social science and nontechnical subjects. 
The technical problems being studied are 
classified under such headings as building 
materials, structures, mechanical equipment, 
and construction methods. The nontechnical 
subjects include urban studies, general 
economic and social data, finance, housing 
regulation, and the housing market. 


Oil well cements 
W. C. Hansen, Third International Symposium on 
the Chemistry of Cements, 1952, 32 pp., Cement and 
Concrete Assn., London. (Reprints available from 
U. S. Steel Corp. as Technical Paper No. 158) 
Reviewed by Aron L. Mirsky 
Surveys field of use of oil well and gas well 
cements, development of cements with various 
special properties (slow or retarded set, low 
water loss, high weight), and methods of 
testing the cements under conditions of high 
temperature and pressure. 


September 1953 


Structural aspects of lift slabs 


Frep E. Koeset, Progressive Architecture, V. 34, No. 
2, Feb. 1953, pp. 93-98 
Reviewed by M. W. Jackson 

Much has been written describing the 
Youtz-Slick lift slab method of building 
construction, but little about the design. 
This is a thorough treatment of the design. 

Unusual problems are involved in the 
column design and in the collar design for 
connecting slabs to the columns. Columns 
usually must be designed for the lift as free 
at the top, fixed at the bottom, using Euler’s 
equation. Columns are checked by the 
AISC or other method for the slab in its 
lifted position. Collars cast in the slab 
carry the lifting rods and are finally sup- 
ported by shear plates welded to the columns. 
The collars also act as capitals. 

The slab is designed to meet the ACI 
Building Code. The optimum lift section 
consists of 12 columns. A moment joint or 
a shear joint must be provided between 
adjacent lift sections. The Youtz-Slick 
method may possibly be used for 10-story 
buildings. Erection procedures for such 
multistory buildings are discussed. Detailed 
numerical calculations are given for a two- 
story building with a typical slab-steel layout 
shown. 

This is a valuable technical article about a 
novel construction method. 


Production increase in reinforced concrete 


framing project (Amerioration de la producti- 
vite sur des chantiers traditionnels d'ossature en 
beton arme) 
I. Leviant, Annales de L'Institut Technique du Bati- 
ment et des Travaux Publics (Paris), No. 65, May 1953 
Reviewed by Pattiure L. MELVILLE 
Advantages of vacuum concrete are illus- 
trated in the construction of a large building 
in Geneva, Switzerland, and an industrial 
plant in southwestern France. It is stated 
that the process made possible “rapid placing 
of forms, immediate removal, while the con- 
crete is still fresh, of forms around columns 
made self supporting, the accelerated loading 
of framing components.’”’ This results in 
savings in materials due to increased concrete 
strength, in labor due to production methods, 
and in time due to pseudo-setting and early 
strength. Use of vacuum concrete is recom- 
mended for all structural members of large 
and medium size buildings. 
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SYNOPSIS 


The proportioning of concrete, including mixes containing entrained air, 
is set forth in this recommended practice. Tables are provided which, along 
with laboratory tests on physical properties of fine and coarse aggregate, yield 
information rapidly for obtaining concrete proportions. Three examples are 
included in the design of air-entrained and non-air-entrained mixes which 
utilize the tables. Adjustment of aggregate proportions due to moisture 
present in aggregates is illustrated. Laboratory tests are given in the appendix 
and include those on physical properties of cement and aggregate. Also 
included is a simple method of obtaining mix proportions for the small job. 


INTRODUCTION 


Proportions for concrete should be selected to make the most economical 
use of available materials to produce concrete of the required placeability, 
durability, and strength. Basic relationships have been established which 
provide guides in approaching optimum combinations, but final proportions 
should be established by actual trial and adjustment in the field. 

Concrete is composed essentially of water, cement, and aggregates. In 
some cases, an admixture is added, generally for the purpose of entraining 
air but sometimes for other reasons. The source and type of both aggregates 
and cement have a marked effect on strength and durability of concrete and 
on the amount of mixing water required for its placement. When sources 


*Title No. 50-6 is a part of copyrighted JOURNAL OF THE AMERICAN CoNCRETE INstITUTE, V. 25, No. 2, Oct. 
1953, Proceedings V. 50. Separate prints are available at 50 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than Feb. 1, 1954. Address 18263 W. MecNichols Rd., Detroit 19, Mich. 

This report was submitted to letter ballot of the committee which consists of 12 members; 12 members returned 
their ballots of whom 11 have voted affirmatively with 1 not voting. It is released by the Standards Committee 
for publication and discussion with view to its consideration for adoption as an Institute Standard to supersede 

“‘Recommended Practice for the Design of Concrete Mixes (ACI 613-44)” at the 50th Annual Convention, Denver, 
Feb. 22-25, 1954. 

This recommended practice applies primarily to monolithic concrete of average density. Lightweight aggregate 

concrete and ‘‘no-slump”’ concrete for masonry units will be covered in separate reports. 
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of ingredients, type of cement, and quantity of admixture remain the same, 
the quantity of cement, the grading and maximum size of aggregates, and 
the consistency of the concrete can be varied over a wide range without 
materially affecting strength, provided the quality of cement paste as deter- 
mined by the water-cement ratio is maintained constant. 

When sources of ingredients vary, as in the case of aggregates from different 
plants or cements from different mills, concrete strengths may differ ap- 
preciably even though the water-cement ratio is held constant. It is desirable, 
therefore, where the concrete construction is of any magnitude, to make 
laboratory tests in advance to establish the desired proportions. This is 
particularly true where flexural strength is a factor, as in concrete pavement, 
because flexural strength depends greatly on bonding characteristics of the 
coarse aggregate. (See appendix for a suggested outline of tests.) In cases 
where compressive strength only is involved and where it is not practical 
to make laboratory tests of concrete, a reasonably good combination of 
ingredients can be arrived at from a knowledge of the characteristics of the 
aggregates and application of established empirical relationships. However, 
regardless of procedure followed for selecting initial proportions, they will 
usually require adjustment in the field to meet placing requirements. 

Some laboratory data are necessary for estimating proportions from 
established relationships. Sieve analyses, specific gravity, and absorption 
of both fine and coarse aggregate and the rodded unit weight of coarse 
aggregate should be determined. It must be known whether the cement 
is non-air-entraining or‘ air-entraining. The specific gravity of the cement 
also should be known, but generally it will be sufficiently accurate to assign 
a value of 3.15 for this property. In addition, from field determinations or 
otherwise, the total moisture content of each aggregate must be known to 
compute the batch weights for use in the field. 

Purposely entrained air, obtained either by the use of an air-entraining 
cement or an admixture, greatly improves the workability of concrete and 
its resistance to weathering. Strength is sometimes reduced but, when the 
cement content is kept the same as for the corresponding non-air-entrained 
concrete and advantage is taken of the lower water requirements, the re- 
duction is not great and becomes significant only in the range of richer mixes 
containing more than about 6 bags of cement per cu yd of concrete. For 
lean mixes, containing less than about 41% bags of cement per cu yd, strengths 
are generally increased by the entrainment of air in proper amounts. Because 
of its greatly improved resistance to deterioration, air-entrained concrete 
should be used wherever concrete is to be exposed to freezing and thawing, 
to action of salts used for de-icing, or to other destructive weathering agencies. 


SELECTING PROPORTIONS 


Concrete should be placed with the minimum quantity of mixing water 
consistent with proper handling, since this will tend to greatly improve its 
strength, durability, and other desirable properties. Proportions should 
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TABLE 1—RECOMMENDED SLUMPS FOR VARIOUS TYPES OF CONSTRUCTION* 


Slump, in.t 
Types of construction . aes 
Maximum 


Minimum 


Reinforced foundation walls and footings 5 
Plain footings, caissons, and substructure walls 4 
Slabs, beams, and reinforced walls 6 
Building columns 6 
Pavements 3 
Heavy mass construction 3 


eho aae to 


*Adapted from Table 4 of the 1940 Joint Committee Report on Recommended Practice and Standard Specifi- 
cations for Concrete and Reinforced Concrete. : 
tWhen high-frequency vibrators are used, the values given should be reduced about one-third. 


be selected to produce concrete: (1) of the stiffest consistency (lowest slump) 
which can be placed efficiently to provide a homogeneous mass; (2) with the 
maximum size of aggregate economically available and consistent with 
satisfactory placement; (3) of adequate durability to withstand satis- 
factorily the weather and other destructive agencies to which it may be 
exposed; and (4) of the strength required to withstand the loads to be im- 
posed without danger of failure. 


Slump and maximum size of aggregate 

Tables 1 and 2 give recommended limitations for slump and maximum size 
of aggregate. As already stated, mixes of the stiffest consistency that can be 
placed efficiently should be used. Over-wet mixes should always be avoided; 
they are difficult to place without segregation and are almost certain to 
result in weak concrete lacking in durability. 

Within limits of economy, the largest permissible maximum size of aggre- 
gate should be used, because the use of larger size aggregate permits a re- 
duction in water and cement requirements. However, the maximum size 
should not be larger than one-fifth of the narrowest dimension between sides 
of forms nor larger than three-fourths of the minimum clear spacing between 
reinforcing bars. Smaller sizes may be used when indicated by availability 
and considerations of economy. 


Estimating total water requirements 

The quantity of water per unit volume of concrete required to produce a 
mix of the desired consistency is influenced by the maximum size, particle 
shape and grading of the aggregate, and by the amount of entrained air. 


TABLE 2—MAXIMUM SIZES OF AGGREGATE RECOMMENDED FOR 
VARIOUS TYPES OF CONSTRUCTION 





Maximum size of aggregate,* in. 
Minimum Reinforced | | Heavily Lightly 

dimension of walls, beams, } Unreinforced reinforced reinforced or 
section, in. and columns walls slabs unreinforced slabs 


2%- 5 2- 3 4 1% 
6-11 3 ‘ 2 4 144-3 
12-29 : ‘ ‘ 3 


30 or more | lb- ) 14-% 3-H 





*Based on square openings. 
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TABLE 3—APPROXIMATE MIXING WATER REQUIREMENTS FOR DIFFERENT 
SLUMPS AND MAXIMUM SIZES OF _AGGREGAT ES° 


; Water, gal. per cu yd of concrete for indicated maximum sizes of aggregate 
Slump, in. 





%% in. | 4% in. | % in. | 1 in, | 1% in. | St. | 3in. | 





Non-air-entrained concrete 





1 to 2 2 | «0 | | 36 
3 to 4 | 46 | 44 39 
6 to 7 46 41 


Approximate amount of entrapped | < 2.6 : 1.2 
air in non-air-entrained concrete, 
percent 





Air-entrained concrete 





36 33 
39 |) 36 
41 | 38 











| 
| 


Recommended average total air 7 6 
content, percent | 


*These quantities of mixing water are o fer use in computing cement factors for trial bate hes. They are maxima 
for reasonably well-shaped angular coarse aggregates graded within limits of accepted specifications. 

f more water is required than shown, the cement factor, estimated from these quantities, should be increased 
to maintain desired water-cement ratio, except as otherwise indicated by laboratory tests for strength. 

If less water is required than shown, the cement factor, estimated from these quantities, should not be decreased 
except as indicated by laboratory tests for strength. 





It is relatively unaffected by the quantity of cement. Guides to acceptable 
gradings may be found in the recommendations of such national organizations 
as the American Society for Testing Materials, the American Assn. of State 
Highway Officials, the Federal Specifications Board, and in the requirements 


of local bodies such as state highway departments, counties, and cities. 

The quantities of water given in Table 3 apply with sufficient accuracy 
for preliminary estimates of proportions. They are the maxima which should 
be expected for fairly well-shaped, but angular aggregates, graded within 
the limits of generally accepted specifications. If aggregates, otherwise 
suitable, have characteristics which lead to higher water requirements than 
given in Table 3, it is indicated that they have less favorable shape and/or 
grading than normally expected. The cement content should be increased 
to maintain the desired water-cement ratio, unless otherwise indicated by 
laboratory tests. Examples of such adjustments are given later. 

Some materials may require less water than indicated in Table 3. Unless 
supported by laboratory tests for strength, it is recommended that no adjust- 
ment be made in cement content to take advantage of this fact since other 
compensating factors may be involved. For example, a rounded gravel 
and a normally angular coarse aggregate, both well and similarly graded 
and of good quality, usually will produce concrete of about the same com- 
pressive strength for the same cement factor in spite of differences in water- 
cement ratio. Also, for the same proportions, different cements may pro- 
duce concretes having strengths which differ appreciably. 


Selecting water-cement ratio 


The requirements for quality of concrete may be stated in terms of dur- 
ability and minimum strength or, frequently, minimum cement factor. 
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TABLE 4—MAXIMUM PERMISSIBLE WATER-CEMENT RATIOS (GAL. PER BAG) FOR 


_DIFFERENT TYPES OF STRUCTURES AND DEGREES OF EXPOSURE 





Exposure conditions* 


Severe wide range in temperature, 


or 


Type of structure 


Thin sections, such as railings, curbs, 
sills, ledges, ornamental or archi- 


frequent 
freezing and 
entrained concrete only) 


thawing (air- 


At the water line or with- 
| in the range of fluctu- 
| ating water level or 


| spray 


In In sea water or | 
fresh 
| water | 


| 


in contact 
with sulfatest 


alternations of | 


Mild temperature rarely below 
freezing, or rainy, or arid 


At the water line or with- 
in the range of fluctu- 
ating water level or 
spre ay 
In | In sea water or 

fresh in contact 

| water + | with sulfatest 


n+ 
4.5Tf 


tectural concrete, reinforced piles, 
pipe, and all sections with less than 
1 in. concrete cover over "reinforcing 


Moderate + sections, such as retaining 
walls, abutments, piers, girders, beams 

Exterior portions of 
sections 


heavy (mass) 


Cone crete deposited by 
water 

Cone rete slabs laid o on the ‘ground 

Cc oncrete protected from the ‘weather, 
interiors of buildings, concrete below 
ground 


" tremie under 


Cone rete which will later be , protected 6.0 


by enclosure or backfill but which 
may be exposed to freezing and 
thawing for several years before 
such protection is offered 


*Air-entrained concrete should be used under all conditions involving severe exposure and may be used under 
mild exposure conditions to improve workability of the mixture. 

tSoil or ground water containing sulfate concentrations of more than 0.2 percent. 

tWhen sulfate resisting cement is used, maximum water-cement ratio may be increased by 0.5 gal. per bag. 

§Water-cement ratio should be selected on basis of strength and workability requirements. 


While durability of concrete is influenced by many variables including mixing, 
placing, curing, quality of ingredients, etc., proportions should be selected 
which will insure cement paste of adequate quality to withstand expected 
exposures. Suitable control of these other factors will then insure durable 
concrete. 

As stated previously, entrained air is of great benefit in insuring durable 
concrete and should always be used when exposure to weathering is expected 
to be severe. Where concrete will be exposed to sulfate action, sulfate- 
resistant cement should be used (preferably Type V or, where Type V 
unavailable, Type II). Table 4 will serve as a guide in selecting maximum 
permissible water-cement ratios for different exposures when proper use is made 
of air entrainment for severe exposures and the materials have been care- 
fully selected. 

The maximum water-cement ratio or minimum cement factor to produce 
the required strength can best be determined by laboratory tests made with 
the same materials, including cement, as will be used in the work. However, 
if it is not practicable to make such detailed tests, Tables 3 and 5 afford a 
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TABLE 5—COMPRESSIVE STRENGTH OF CONCRETE FOR 
VARIOUS WATER-CEMENT RATIOS* 





: Probable compressive strength at 28 days, psi 
Water-cement ratio, = GEESE EERE nee —— - 
Non-air-entrained concrete 


gal. per bag of cement Air-entrained concrete 


6000 4800 
5000 4000 
4000 3200 
3200 2600 
2500 2000 
{ 2000 1600 


*These average strengths are for concretes containing not more than the percentages of entrained and/or 
entrapped air shown in Table 3. For a constant water-cement ratio, the strength of the concrete is reduced as 
the air content is increased. For air contents higher than those listed in Table 3, the strengths will be proportionally 
less than those listed in this table. 

Strengths are based on 6 x 12-in. cylinders moist-cured under standard conditions for 28 days. See Standard 

Method for Making and Curing Concrete Compression and Flexure Test Specimens in the Field (ASTM 
Designation C 31). 


basis for estimating water and cement. Reference has already been made 
to Table 3. Table 5 shows minimum strength to be expected for non-air- 
entrained and air-entrained concrete for different water-cement ratios. A 
corresponding table of values for flexural strength is not given because of the 
excessively wide range obtained with given proportions for different materials. 
Where flexural strength is specified, required proportions should be determined 
by laboratory tests, as outlined in the appendix. 

Strengths for air-entrained concrete for a given water-cement ratio 
(Table 5) are indicated as being 20 percent lower than non-air-entrained 
concrete. This is sufficiently accurate for estimating purposes in view of 
the fact that differences between recommended air content for air-entrained 
concrete and amount of air occurring in concrete without air-entraining agents 
are approximately the same for different sizes of aggregates. It should be 
kept in mind that this reduction applies only when the water-cement ratio 
is the same in each case. When cement content and consistency are main- 
tained constant, this apparent penalty in strength is partially or entirely 
offset by reduction in mixing water requirements which result from air 
entrainment. 

The cement factor required can be calculated, using the maximum per- 
missible water-cement ratio selected from Table 4 or Table 5 and water 
requirements from Table 3, by dividing the gallons of mixing water required 
per cubic yard by the water-cement ratio in gallons per bag of cement. If 
a& minimum cement factor is specified, the corresponding water-cement ratio 
for estimating strength can be computed by dividing the gallons of water 
per cubic yard by the cement factor in bags per cubic yard. Selection of 
proportions of concrete should be based on whichever of the limitations 
specified—durability, strength, or cement factor—requires the lowest water- 
cement ratio. 

Estimate of quantity of coarse aggregate 

The minimum amount of mixing water and the maximum strength will 
result for given aggregates when the largest quantity of coarse aggregate 
is used consistent with adequate placeability and workability. This quantity 
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TABLE 6—VOLUMES OF COARSE AGGREGATE PER UNIT OF 


Maximum size Volume of dry-rodded coarse aggregate per unit volume of concrete 
of aggregate, for different fineness moduli of sand 

in. 
60 2.80 


3 
& 


ly 
3 


53 


.90 


*Volumes are based on aggregates in dry-rodded condition as described in Standard Method of Test for Unit 
Weight of Aggregate (ASTM Designation C 29). 

These volumes are selected from empirical relationships to produce concrete with a degree of workability suitable 
for usual reinforced construction. For less workable concrete such as required for concrete pavement construc- 
tion they may be increased about 10 percent. 


can be determined most effectively from laboratory investigations of 
materials, with later adjustment in the field. However, in the absence of 
such laboratory data, a good estimate of the best proportions can be made 
for aggregates graded within conventional limits from established empirical 
relationships shown in Table 6. Values shown are the dry-rodded bulk 
volumes of coarse aggregate per unit volume of concrete. 

Concrete of comparable workability can be expected with aggregates of 
comparable size, shape, and grading when a given dry-rodded volume of 
coarse aggregate per unit volume of concrete is used. In the case of different 
types of aggregates, particularly those with different particle shapes, the use 
of a fixed dry-rodded volume of coarse aggregate automatically makes allow- 
ance for differences in mortar requirements as reflected by void content of 
coarse aggregate. For example, angular aggregates have a higher void 
content; therefore require more mortar than rounded aggregates. The pro- 
cedure does not reflect variations in grading of coarse aggregates within 
different maximum size limits, except as they are reflected in percentage of 
voids. However, for coarse aggregates falling within the limits of con- 
ventional grading specifications, this omission is probably of little practical 
importance. It will be seen that the optimum dry-rodded volume of coarse 
aggregate per unit volume of concrete depends upon its maximum size and 
the fineness modulus of the fine aggregate as indicated in Table 6. 


COMPUTATION OF PROPORTIONS 


Computation of proportions will be explained by three examples. The 
following design criteria are assumed. 


(1) Type I non-air-entraining cement will be used and its specific gravity is assumed 
to be 3.15. 

(2) Coarse and fine aggregates in each case are of satisfactory quality and are graded 
within limits of generally accepted specifications. 

(3) The coarse aggregate has a specific gravity, bulk dry, of 2.68 and an absorption 
of 0.5 percent. 

(4) The fine aggregate has a specific gravity, bulk dry, of 2.64, an absorption of 0.7 
percent, and fineness modulus of 2.8. 
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Example 1 

Concrete is required for a portion of a structure which will be below ground 
level in a location where it will not be exposed to severe weathering or sulfate 4 
attack. Structural considerations require it to have a 28-day compressive 
strength of 3500 psi. On the basis of information in Tables 1 and 2, as well 
as previous experience, it is determined that under the conditions of place- 
ment to be employed, a slump of 3 to 4 in. should be used and that a locally 
available No. 4 to 114-in. coarse aggregate will be suitable. The dry-rodded 
weight of coarse aggregate is found to be 100 lb per cu ft. 

The proportions may be computed as follows: 

(1) Since the structure will not be exposed to severe weathering, non-air-entrained con- 
crete will be used and the water-cement ratio will be established solely on the basis of strength 
required. 

(2) From Table 5, the water-cement ratio needed to produce a strength of 3500 psi in 
non-air-entrained concrete is found to be about 6.6 gal. per bag. 

(3) The approximate amount of mixing water to produce a 3- to 4-in. slump in non-air- 
entrained concrete with 11%-in. aggregate is found from Table 3 to be 36 gal. per cu yd. 

(4) From the information in (2) and (3), the required cement content is found to be 
36/6.6 = 5.5 bags per cu yd. 

(5) The quantity of coarse aggregate may be estimated from Table 6. For a fine aggregate 
having a fineness modulus of 2.8 and a 1)4-in. maximum size of coarse aggregate, the table 
indicates that 0.72 cu ft of coarse aggregate, on a dry-rodded basis, may be used in each cubic ° 
foot of concrete. For a cubic yard, therefore, the coarse aggregate will be 27 X 0.72 = 19.4 
cu ft. Since it weighs 100 lb per cu ft, the dry weight of coarse aggregate is 1940 lb. 

(6) With the quantities of cement, water, and coarse aggregate established, and the ap- 
proximate entrapped casual air content (as opposed to purposely entrained air) taken from 
Table 3, the sand content can be calculated as follows: 





Solid volume of cement = won al = 2.63 cu ft 
3.15 X 62.4 

Volume of water = ha = 4.80 cu ft 
due 

Solid volume of coarse aggregate = ae _..2 = 11.60 cu ft 
2.68 X 62.4 

Volume of entrapped air = 0.01 X 27. = 0.27 cu ft 

Total solid volume of ingredients except sand = 19.30 cu ft 

Solid volume of sand required = 27 — 19.30 = 7.70 cu ft 


Required weight of dry sand = 7.70 X 2.64 X 62.4 1270 Ib 





£ 
(7) Estimated batch quantities per cubic yard then are: 
Cement (5.5 bags) = 517 lb 
Water (36 gal.) = 300 lb § 
Sand (dry basis) = 1270 lb | 
Coarse aggregate (dry basis) = 1940 lb , 


These batch weights will require adjustment in the field to take into account 
moisture on aggregates. Also, some adjustment in proportions may be found 
desirable on the basis of actual field experience. Procedures for making these 
adjustments and for establishing weights for batch sizes other than one cubic 
yard will be discussed later. 
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Example 2 


Concrete is required for a heavy bridge pier which ill be exposed to fresh 
water in a severe climate. A 28-day compressive strength of 3000 psi is 
specified. Placement conditions will permit a slump of 1 to 2 in. and the 
use of large size coarse aggregate. However, the only economically available 
coarse aggregate of satisfactory quality is graded only from No. 4 to 1 in. 
and this will be used. Its dry-rodded weight is found to be 95 lb per cu ft. 
Other characteristics are as indicated previously. 

The proportions are computed as follows: 

(1) Because of the severity of exposure, air-entrained concrete will be used and reference 
to Table 4 shows that the water-cement ratio should not exceed 5.5 gal. per bag. 

(2) From Table 5, the water-cement ratio required to produce a strength of 3000 psi in 
air-entrained concrete is shown to be about 6.3 gal. per bag. Since this exceeds the maximum 
permissible for the severe exposure condition, the lower value of 5.5 gal. per bag determined 
in (1) must be used. 

(3) The approximate quantity of mixing water needed to produce a 1- to 2-in. slump in 
air-entrained concrete made with 1-in. aggregate is found in Table 3 to be 31 gal. per cu yd. 
In that same table, the desired air content, which in this case will be secured by use of an 
air-entraining admixture,* is indicated as 5 percent. 

(4) From (2) and (3), it can be seen that the required cement content is 31/5.5 = 5.6 
bags per cu yd. 

(5) From Table 6 it is found that, with a fine aggregate having a fineness modulus of 2.8 
and a 1-in. coarse aggregate, 0.66 cu ft of coarse aggregate, on a dry-rodded basis, will be used 
in each cubic foot of concrete. The quantity in a cubic yard will be 27 X 0.66 = 17.8 cu ft 
which, in this case, weighs 95 X 17.8 or 1690 lb. 

(6) With the quantities of cement, water, coarse aggregate, and air established, the sand 
content is calculated as follows: 

5.6 X 94 
3.15 X 62.4 


31 
Volume of water 4.13 cu ft 


Solid volume of cement = 2.68 cu ft 


Solid volume of coarse aggregate = 2.68 X 624 = 10.11 cu ft 
Volume of air = 0.05 X 27 1.35 cu ft 
Total solid volume of ingredients except sand 18.27 cu ft 
Solid volume of sand required = 27 — 18.27 8.73 cu ft 
Required weight of dry sand = 8.73 X 2.64 X 62.4 1440 lb 
(7) The estimated batch quantities per cubic yard of concrete are: 
Cement (5.6 bags) = 526 lb 

Water (31 gal.) 258 ib 

Sand (dry basis) 1440 lb 

Coarse aggregate (dry basis) 1690 Ib 


Adjustments for moisture in the aggregates and to obtain batches of other 
sizes are discussed later. 


*Air-entraining agent when added at mixer as fluid should be included as part of the water volume. Sufficient 
air-entraining agent should be used to entrain the desired amount of air. The amount recommended by the 
manufacturer will, in most cases, produce the desired air content. 
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Example 3 

Concrete is required for conditions similar to those described in Example 2. 
That is, a heavy bridge pier is to be constructed in fresh water in a severe 
climate. In this case, a 28-day compressive strength of 4000 psi is specified 
and placement conditions will permit a slump of 1 to 2 in. The size of the 
structure and spacing of reinforcement will permit use of properly sized No. 4 
to 3-in. coarse aggregate which is economically available. The coarse aggre- 
gate has a dry-rodded weight of 110 lb per cu ft. 


The proportions are computed as follows: 

(1) As in Example 2, air-entrained concrete is required for the severe exposure condition 
and Table 4 shows that the water-cement ratio should not exceed 5.5 gal. per bag. 

(2) From Table 5, the water-cement ratio needed to produce a strength of 4000 psi in 
air-entrained concrete is found to be 5 gal. per bag. This is lower than the requirement for 
durability found in (1) and will, therefore, govern the selection of proportions. 

(3) From Table 3, the quantity of mixing water to produce a 1- to 2-in. slump in air-entrained 
concrete made with 3-in. aggregate is found to be 25 gal. per cu yd and the desired air content 
is given as 3.5 percent. 

(4) From (2) and (3), the required cement content is calculated to be 25/5 = 5 bags per 
cu yd. 

(5) In Table 6 it is found that, with fine aggregate having a fineness modulus of 2.8 and 
using a 3-in. maximum size coarse aggregate, 0.80 cu ft of coarse aggregate, on a dry-rodded 
basis, may be used in each cubic foot of concrete. The quantity per cubic yard is, therefore, 
27 X 0.80 = 21.6 cu ft which weighs 110 X 21.6 or 2380 lb. 

(6) With the quantities of cement, water, coarse aggregate, and air known, the sand con- 
tent is calculated as follows: 

5 X 94 


Solid volume of cement —————— 2.39 cu ft 
3.15 X 62.4 


Volume of water 3.33 cu ft 


Solid volume of coarse aggregate 14.23 cu ft 


~ 2.68 X 62.4 
Volume of air = 0.035 X 27 0.95 cu ft 
Total solid volume of ingredients except sand 20.90 cu ft 
Solid volume of sand required = 27 — 20.90 6.10 cu ft 
Required weight of dry sand = 6.10 X 2.64 X 62.4 = 1000 lb 
(7) The estimated batch quantities required for a cubic yard of concrete are: 
Cement (5 bags) = 470 lb 
Water (25 gal.) 208 Ib 
Sand (dry basis) 1000 Ib 
Coarse aggregate (dry basis) 2380 lb 
Adjustments for free moisture in the aggregates and to obtain batches of 
other sizes are discussed in the following sections. 


Batch weights for field use 

For the sake of convenience in making trial mix computations, the aggre- 
gates have been assumed to be in a dry state. Under field conditions they 
will generally be moist and the quantities to be batched into the mixer must 
be adjusted accordingly. 
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With the batch weights determined in Example 1, let it be assumed that 
tests show the sand to contain 5.0 percent and the coarse aggregate 1.0 
percent total moisture. Since the quantity of dry sand required was 1270 
lb, the amount of moist sand to be weighed out must be 1270 X 1.05 = 
1335 lb. Similarly, the weight of moist coarse aggregate must be 1940 x 
1.01 = 1960 lb. 

The free water on aggregates in excess of their absorption must be considered 
as part of the mixing water. Since the absorption of sand is 0.7 percent, 
the amount of free water which it contains is 5.0 — 0.7 = 4.3 percent. The 
free water on coarse aggregate is 1.0 — 0.5 = 0.5 percent. Therefore, the 
mixing water contributed by the sand is 0.043 x 1270 = 55 lb and that 
contributed by the coarse aggregate is 0.005 K 1940 = 10 lb. The quantity 
of mixing water to be added, then, is 300 — (55 + 10) = 235 lb or 28 gal. 
Following is a comparison between the computed batch quantities and those 
actually to be used in the field for each cubic yard of concrete: 





Quantities per cu yd of concrete 
Ingredient Computed Used in field 
Cement 517 lb (5.5 bags) 517 lb (5.5 bags) 
Water 300 Ib (36 gal.) 235 Ib (28 gal.) 
Sand 1270 Ib (dry) 1335 lb (moist) 
Coarse aggregate 1940 lb (dry) 1960 lb (moist) 








The preceding trial mix computations provide batch quantities for each 
ingredient of the mix for a cubic yard of concrete. It is seldom desirable or 
possible to mix concrete in exactly l-cu yd batches. It is therefore necessary 
to convert these quantities in proportion to the size batch to be used. Let 
it be assumed that a 16-cu ft capacity mixer is available and that the cement 
will be batched by the bag. For the 5.5-bag concrete of the preceding example, 
a 3-bag batch will fill the mixer almost to capacity. (If 5.5 bags produce 
27 cu ft, then 3 bags will produce 14.7 cu ft.) To produce a batch of the 
desired size and maintain the same proportions, the cubic yard field batch 
weights of all ingredients must be reduced in the ratio 3/5.5, thus: 


Cement 3/5. 5.5 = 3 bags = 282 lb 
5. 


I Sih oo Se 128 Ib 

Sand (moist) 3/5. 33: = 726 lb 

Coarse aggregate (moist)... .3/5.! 96 1070 |b 
Adjustment of trial mix 

In discussing the estimate of total water requirements given in Table 3, 
it was pointed out that in some cases more water might be required than 
indicated and that, in such cases, the cement factor should be increased to 
maintain the water-cement ratio, unless otherwise indicated by laboratory 
tests. This adjustment will be illustrated by assuming that the concrete of 
Example 1 was found in the field to require 38 gal. of water instead of 36. 
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Consequently, the cement factor should be increased from 5.5 to 38/6.6 
or 5.8 bags per cu yd and the batch quantities recomputed accordingly. 

It was pointed out also that less water than indicated in Table 3 may some- 
times be required, but it was recommended that no adjustment be made in ce- 
ment factor, except as indicated by laboratory tests. Nevertheless, some adjust- 
ment in batch quantities is necessary to compensate for the loss of volume due 
to the reduced water. This is done by increasing the solid volume of sand in 
an amount equal to the volume of the reduction in water. For example, 
assume that 34 gal. are required instead of 36 for the concrete of Example 1. 
Then 34/7.5 is substituted for 36/7.5 in computing the volume of water in 
the batch and the solid volume of sand becomes 7.97 instead of 7.70 cu ft. 

The percentage of air in concrete can be measured directly with an air 
meter or it can be computed from theoretical and measured unit weights, in 
accordance with ASTM test methods listed in the appendix. For any given 
set of conditions and materials, the amount of air entrained is roughly pro- 
portional to the quantity of agent used. Increasing cement content or fines, 
decreasing slump, or raising temperature of the concrete usually decreases 
the amount of air entrained for a given amount of agent. The grading and 
particle shape of aggregate also have an effect on the amount of air entrained. 
The job mix should not be adjusted for minor fluctuations in water-cement 
ratio or air content. A variation in water-cement ratio of + 0.25 gal. per 
sack of cement, resulting from maintenance of a constant slump, is considered 
normal. A variation of + 1 percent in air content is also considered normal. 
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APPENDIX 
LABORATORY TESTS 


As stated in the introduction, selection of concrete mix proportions can be accomplished 
most effectively by laboratory tests which determine basic physical properties of materials 
to be used, establish relationships between water-cement ratio, air content, cement content, 
and strength, and which furnish information on the workability characteristics of various 
combinations of ingredient materials. The extent of investigation desirable for any given 
job will depend upon its size and importance and service conditions involved. Details of the 
laboratory program will also vary, depending upon facilities available and upon individual 
preferences. 


Physical properties of cement 

Physical and chemical characteristics of cement influence the properties of hardened con- 
crete. However, the only property of cement directly concerned in computation of concrete 
mix proportions is specific gravity. As stated, the specific gravity of cement may be assumed 
to be 3.15 without introducing appreciable error in mix computations. 

A sample of cement should be obtained from the mill which will supply the job, or preferably 
from the job itself. The sample should be ample for tests contemplated with a liberal margin 
for additional tests that might later be considered desirable. Cement samples should be 
shipped in airtight containers, or at least in moisture-proof packages. 


Properties of aggregate 

Sieve analysis, specific gravity, absorption, and moisture content of both fine and coarse 
aggregate and dry-rodded unit weight of coarse aggregate are essential physical properties 
required for mix computations. Other tests which may be desirable for large or special types 
of work include petrographic examination and tests for chemical reactivity, soundness, dur- 
ability, resistance to abrasion, and various deleterious substances. All such tests yield in- 
formation of value in judging the ultimate quality of concrete and in selecting appropriate 
proportions. 

Aggregate gradation or particle size distribution is a major factor in controlling unit water 
requirement, proportion of coarse aggregate to sand, and cement content of concrete mixes 
for a given degree of workability. Numerous “ideal” aggregate grading curves have been 
proposed, but a universally accepted standard has not been developed. Experience and 
individual judgment must. continue to play important roles in determining acceptable aggre- 
gate gradings. Additional workability realized by use of air entrainment permits, to some 
extent, the use of less restrictive aggregate gradations. 

Undesirable sand grading may be corrected to desired particle size distribution by: (1) 
separation of the sand into two or more size fractions and recombining in suitable proportions; 
(2) increasing or decreasing the quantity of certain sizes to balance the grading; or (3) reducing 
excess coarse material by grinding. Undesirable coarse-aggregate gradings may be corrected 
by: (1) crushing excess coarser fractions; (2) wasting excess material in other fractions; 
(3) supplementing deficient sizes from other sources; or (4) a combination of these methods. 
To the extent that grading limitations and economy in use of cement permit, the proportions 
of various sizes of coarse aggregate should be held closely to the grading of available materials. 
Whatever processing is done in the laboratory should be practical from standpoint of economy 
and job operation. Samples of aggregates for concrete mix tests should be representative 
of aggregate selected for use in the work. For laboratory tests, the coarse aggregates should 
be cleanly separated into required size fractions to provide for uniform control of mix 
proportions. 


Concrete mix tests 


The values listed in the tables may be used for establishing a preliminary trial mix. How- 
ever, they are based on averages obtained from a large number of tests and do not necessarily 
apply exactly to materials being used on a particular job. If facilities are available, therefore, 
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it is advisable to make a series of concrete tests to 
establish the relationships needed for selection of 
appropriate proportions based on the materials actually 
to be used. An example of a series of such tests is 
illustrated in Table A-1. The first mix of the series 
is a computed trial mix, as previously discussed. The 
second mix has been adjusted to increase slump, but 
appeared to be oversanded and to contain too little 
coarse aggregate. In the next mix, the amount of 
coarse aggregate was increased to an estimated maxi- 
mum amount which would still produce a mix of 
satisfactory workability. After the proper amount 
of coarse aggregate was determined, three additional 
mixes were made, varying the water-cement ratio over 
a range of from 5 to 7 gal. per sack. From these mixes 
the relationship between water-cement ratio, cement 
content, and strength was established for materials 
to be used on the job, and it was unnecessary to use 
the empirical values established for average conditions. 
Field mixes could be interpolated directly from Table 
A-1. 
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pASReee | In laboratory tests, it seldom will be found, even by 
Force tee experienced operators, that desired adjustments will 
develop as smoothly as indicated in Table A-1. 
Furthermore, it should not be expected that field 
results will check exactly with laboratory results. An 
adjustment of the selected trial mix on the job is 
usually necessary. Closer agreement between labo- 
ratory and field will be assured if machine mixing is 
employed in the laboratory. This is especially desirable 
if air-entraining agents are used since the type of 
mixer influences the amount of air entrained. Before 
mixing the first batch, the laboratory mixer should be 
“primed” with a small batch of sand, cement, and 
water since a clean mixer retains a percentage of 
mortar. Similarly, any processing of materials in 
the laboratory should simulate as closely as practicable 
corresponding treatment in the field. 


Percent 
air 





Slump, 
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aggregate 





Aggregate 
content, Ib 


content, 


The minimum series of tests illustrated in Table A-1 
may be expanded as the size and special requirements 
of the work warrant. Alternative aggregate sources 
and different aggregate gradings, different types and 
brands of cement, different admixtures, different 
maximum sizes of aggregate, and considerations of 
concrete durability, volume change, temperature rise, 
and thermal properties are some of the variables that 
may require a more extensive program. 
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In conducting laboratory tests, it is recommended 
that the latest issue of the following standards be 
used: 
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Cement 
Chemical analysis of portland cement—-ASTM Designation C 114 
Fineness of portland cement by the turbidimeter—ASTM Designation C 115 
Fineness of portland cement by air permeability apparatus—ASTM Designation C 204 
Compressive strength of hydraulic-cement mortars—ASTM Designation C 109 
Autoclave expansion of portland cement—ASTM Designation C 151 








W ater 
Quality of water to be used in concrete—AASHO Designation T 26 


Aggregate 
Abrasion of coarse aggregate by use of the Los Angeles machine—ASTM Designation C 131 
Amount of material finer than the No. 200 sieve in aggregates—-ASTM Designation C 117 
Clay lumps in aggregates—ASTM Designation C 142 
Coal and lignite in sand—ASTM Designation C 123 
Percentage of shale in aggregates—AASHO Designation T 10 
Organic impurities in sands for concrete—ASTM Designation C 40 
Sieve analysis of fine and coarse aggregates—ASTM Designation C 136 
Soundness of aggregates by use of sodium sulfate or magnesium sulfate—ASTM Designation 
C 88 
Specific gravity and absorption of coarse aggregates—ASTM Designation C 127 
Specific gravity and absorption of fine aggregates—ASTM Designation C 128 
Surface moisture in fine aggregate—ASTM Designation C 70 
Unit weight of aggregate—ASTM Designation C 29 
Voids in aggregate for concrete—ASTM Designation C 30 
Mortar-making properties of fine aggregate, measuring of -ASTM Designation C 87 


Concrete 


Air content (gravimetric), weight per cubic foot, and yield of concrete—AST™M Designation 
C 138 


Air content (volumetric) of freshly mixed concrete—ASTM Designation C 173 

Air content of freshly mixed concrete by pressure method—ASTM Designation C 231 

Air content of fresh concrete by pressure methods (Washington-type meter)—Bureau of 
Reclamation Concrete Manual, Designation 24 

Air content of freshly mixed concrete—Corps of Engineers Handbook for Concrete and 
Cement, Designation CRD-C41 

Laboratory concrete mixing—Bureau of Reclamation Concrete Manual, Designation 28 

Sampling of fresh concrete—ASTM Designation C 172 

Slump tests for consistency of portland cement concrete—ASTM Designation C 143 

Flow of portland cement concrete by use of the flow table—ASTM Designation C 124 

Compressive strength of concrete using portions of beams broken in flexure (modified cube 
method)—ASTM Designation C 116 

Compressive strength of molded concrete cylinders—ASTM Designation C 39 

Concrete compression and flexure test specimens, making and curing in the field—-ASTM 
Designation C 31 

Concrete compression and flexure test specimens, making and curing in the laboratory 
ASTM Designation C 192 

Flexural strength of concrete (using simple beam and third point loading)—ASTM 
Designation C 78 

Fundamental transverse frequency of concrete specimens for calculating modulus, of 
elasticity (sonic methods)—-ASTM Designation C 215 

Hardened concrete, securing, preparing, and testing specimens from, for compressive and 
flexural strengths—ASTM Designation C 42 

Cement content of hardened portland cement concrete—ASTM Designation C 85 

Volume change of cement and mortar and concrete—ASTM Designation C 157 

Absorption of concrete—AASHO Designation T-25 
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TABLE A-2—CONCRETE MIXES FOR SMALL JOBS* 


Aggregate, lb per 1-bag batch 


econ ped bags Sandt Gravel 
of cement per cu | | or 

| 

| 











Mix 
Air-entrained Concrete crushed 
concretet without air stone 


designation yd of concrete 





235 } 245 170 
225 235 190 
225 235 205 


225 235 225 
225 235 245 
215 225 265 


225 235 245 
215 225 275 
205 215 290 
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205 215 
225 235 
215 225 
205 215 
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Note: Air-entrained concrete should be used in all structures which will be exposed to alternate cycles of 
freezing and lew or 9 

*May be used without adjustment. 

tWeights are for dry sand. If damp sand is used, increase weight of sand 10 lb for 1-bag batch, and if very 
wet sand is used add 20 lb for 1-bag batch. 

tAir-entrained concrete can be obtained by the use of an air-entraining cement or by adding an air-entraining 
agent. If an agent is used, the amount recommended by the manufacturer will, in most cases, produce the desired 
air content. 

Procedure: Select the proper maximum size of aggregate and then, using mix B, add just enough water to 
produce a sufficiently workable consistency. If the concrete appears to be undersanded use mix A, and if it 
appears to be oversanded use mix C. 


MIXES FOR SMALL JOBS 


For small jobs where time and personnel are not available to determine proportions in 
accordance with recommended procedure, mixes in Table A-2 will provide concrete that is 
amply strong and durable if the amount of water added at the mixer is never large enough 
to make the concrete overwet. These mixes have been predetermined in conformity with 
recommended procedure by assuming conditions applicable to the average small job, and 
for aggregate of average specific gravity. Three mixes are given for each maximum size of 
coarse aggregate. Table 2 may be used as a guide in selecting an appropriate maximum size 
of aggregate. Mix B for each size of coarse aggregate is intended for use as a starting mix. 
If this mix happens to be oversanded, change to mix C or, if it is undersanded, change to mix 
A. It should be noted that the mixes listed in the table apply where sand is dry. If sand is 
moist or wet, make the corrections in batch weight prescribed in the footnote. 

The approximate cement content in bags per cubic yard of concrete listed in the table 
will be helpful in estimating cement requirements for the job. These requirements are based 
on concrete that has just enough water in it to permit ready working into forms without 
objectionable segregation. Concrete should slide, not run, off a shovel. 
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Discussion of a report by ACI Committee 613: 


Proposed Recommended Practice for Selecting 
Proportions for Concrete* 


By C. tg BRITZIUS L. HOWARD, G. GREENE E. LEAVITT, 
& % MOULTON, HARRY E. THOMAS and ESMMITTEL 


By C. W. BRITZIUST 


I have studied the committee’s proposed recommended practice which is 
to replace ‘‘Recommended Practice for the Design of Concrete Mixes (ACI 
613-44).” I feel that ACI 613-44 was excellent and that the committee 
should have directed its efforts to improving and refining it and not attempted 
to bring something forth that is new and less usable. It is certainly true 
that the b/b, is an old concept and is the major factor in the selection of 
proportions for a concrete mix. Specifically, I do not care for the specifi- 
cation because I feel that it is less accurate as to the unit water content. 

I would like to call attention to how and by whom this standard will be 
used. Concrete for large government jobs is laboratory designed by the 
trial mix method, but a large proportion of the concrete placed in the United 
States is on small jobs. Certain information in the standard will be used 
by the architect or engineer who writes the specification, certain other in- 
formation is for the laboratory technician whose attention is called to the 
factors affecting the mix proportions. The primary use of the standard will 
be by contractors, ready-mixed concrete plant operators, and job inspectors 
who wish to calculate the mix for their particular job. On these jobs, no 
facilities usually exist for making mix adjustments. My experience has been 
that a man who proportions the mix in the laboratory, and who appreciates 
job conditions, can proportion a mix that will require little adjusting in the 
field except possibly a small change in the percent of fine aggregate. I do 
not care for the section giving proportions for small jobs, for it adds con- 
fusion to the specification and impairs its usefulness. If something of this 
nature must be added, I would suggest including a table of mixes of varying 
cement contents in which the water-cement ratio and the total aggregate 
per sack be given, but to be proportioned in the field as to the ratio of fine 
to coarse. 

I like the ACI 613-44 standard and would like to see it improved upon by 
improving the table of unit water requirements and by defining more accu- 
rately what is meant by angular and round particles. An accurate evaluation 


*ACI JourNna., Oct. 1953, Proc. V. 50, p. 105. Disc. 50-6 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dee. 1954, Part 2, Proceedings V. 50. 
tTwin City Testing and Engineering Laboratory, St. Paul, Minn. 
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of the voids in the coarse aggregate can be made in the laboratory on the 
basis of void content. I would recommend inclusion of the following type of 
table to be used with Table 5: 





T 
| 


Voids in rounded Voids in angular 
Size of coarse aggregate coarse aggregate, percent | coarse aggregate, percent 


34 in.—-No. 4 36 46 
1 in.—No. 4 34 44 
1% in.—-No. 4 32 42 
2 in.—No. 4 40 








Mix proportions by calculation are fairly accurate if based on a minimum 
cement content specification, but may be considerably in error if the specifi- 
cation is open as to cement content. 


By E. L. HOWARD, G. W. GREENE, G. E. LEAVITT, and W. E. MOULTON* 


For some years we have used the ACI procedure for mix proportioning 
with sand and gravel percentages determined from fineness modulus tables 
published by the National Ready Mixed Concrete Assn. Concrete resulting 
from this method of proportioning is good and satisfies all concerned. 

The proposed method of proportioning has been put to immediate service 
in our organization to test its effectiveness with our materials. We have 
set up mixes using our old and the proposed methods of proportioning. 
Materials used are typical of the aggregates supplied concrete batching plants 
in three areas of California (Table A). 

The first departure from our normal procedure was found in Table 3. We 
have used the water contents that will yield 4- to 5-in. slumps, varying them 
from Table 3 as experience dictates. We have always known that air is 
entrapped in normal concrete. Our estimates would agree with Table 3. 
However, we have not taken this entrapped air into account because the 
0-2 percent volume increase is not a job problem. 

The mixes shown in Tables B, C, and D have been proportioned with no 

regard for the air suggested in Table 3, 
TABLE Or eT Table E compares some mixes with 
— — the entrapped air included in the 
Lemon| Fair design. 
Source | Hliot | Cove | Oaks Using Table 6 is difficult for us be- 
Sand cause the FM’s shown are for sand 

Sen sehen gy | 2°79 + +‘much finer than we normally use. 
Our sands quite often have an FM 
Gravel of 3.4. To be of use to us at least 


Fineness modulus ‘ | 6.96 | 7.00 


Specific gravity .70 | 2.70 | 2.80 volumes for 3.2 FM should be added. 
wet ey 106 | 104 | 113 The batch man will like the new 


mixes because the coarse aggregate 














*Pacific Coast Aggregates, Inc., San Francisco, Calif. 
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TABLE B—CONCRETE MIXES PROPORTIONED USING ELIOT AGGREGATES 


rn Maximum Method 
Water, gal. Cement, Ib Dry sand, lb Dry gravel, lb aggregate, in. used 


658 1345 1690 Proposed 
658 1070 1980 Old 

564 1435 1690 Proposed 
564 1250 1870 Ol 

495 1485 1690 

495 1400 1780 4 

440 1530 1690 Proposed 
440 1485 1740 Old 
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TABLE C—CONCRETE MIXES PROPORTIONED USING LEMON COVE AGGREGATES 


Maximum Method 
Water, gal. Cement, Ib Dry sand, lb Dry gravel, lb aggregate, in. used 
658 1250 1780 
658 1080 1955 
564 1330 1780 


1 Proposed 
1 
1 
564 1215 1905 l 
1 
1 
1 
l 


Old 
Proposed 
Old 
Proposed 
Old 
Proposed 


Old 


495 1390 1780 
495 1310 1865 
440 1440 1780 
440 1385 1835 


> > ee ee 
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TABLE D—CONCRETE MIXES PROPORTIONED USING FAIR OAKS AGGREGATES 


= Maximum Method 
Water, gal. Cement, lb Dry sand, lb Dry gravel, lb aggregate, in. used 


595 1305 1955 Proposed 
595 1370 1880 Old 
510 1375 1955 Proposed 
510 1470 1860 Old 
1430 1955 Proposed 
1525 1855 Old 
1470 1955 Proposed 
1575 1845 Old 


TABLE E—CONCRETE MIXES PROPORTIONED USING ELIOT AGGREGATES 


Water, Cement, Dry sand, Dry gravel, Maximum Cost per 
gal. Ib ] Ib aggregate, in. Method used cu yd, dollars 


658 25: 1690 A Proposed— Air 8.38 
658 342 1690 4 Proposed—No air 8.46 
658 1980 Old 8.46 
440 1690 Y Proposed—Air 

440 5 1690 M4 Proposed—No air 

440 5 1740 % Old 


weight for a given maximum size will always be the same. 

The proposed method brings into use a test we have long since discarded. 
This is a day of separated gravel sizes in the batch plant. The exact pro- 
portions of each size must be determined before the unit weight is taken 
because Table 6 is based on combined coarse aggregates. We now determine 
these proportions and the sand proportions from the same tables. The unit 
weights are not at all useful in this procedure. 

The Eliot gravel and sand used for proportioning in Table B are average 
for the material supplied the San Francisco Bay area. We believe the pro- 
posed method yields a little too much sand in the richer mixes. 

Lemon Cove aggregate is used in concrete represented by Table C. Here 
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the coarse aggregate is angular and the slight increase in sand is not objection- 
able. Fair Oaks aggregate from the Sacramento area is used in mixes shown 
in Table D. The leaner mixes are undersanded using the proposed method. 

The mixes shown in Tables B, C, and D do not account for entrapped air. 
If the volume of air had been considered, even less sand would have resulted. 
The leaner mixes would, in each area, have been undersanded. 

The cost of concrete is unaffected by the new proportions unless the en- 
trapped air is figured in the design. The addition of air means 90 lb less sand 
and 8 cents less cost for materials when using 34-in. maximum aggregate 
(Table E). This is a considerable saving in large jobs. If entrapped air is 
taken into account and at the same time the customer is assured a full cubic 
yard of concrete, testing for air content most certainly must be done. Many 
cubic yards of concrete would have to be placed to earn the cost ‘of such 
testing. 

We like the recommended practice for selecting proportions for concrete 
for its (1) simplicity of calculation, and (2) uniform batch weights in case of 
coarse aggregates. 

We dislike the recommended practice for its (1) inadequacy of Table 6 
in the case of coarse sand, and (2) use of the long-since abandoned unit weight 
test. 


By HARRY E. THOMAS* 


The need for a simplified method of proportioning concrete mixes was a 
long felt need before ‘“‘Recommended Practice for the Design of Concrete 
Mixes (ACI 613-44)” made its appearance. Adopted by ACI, it was en- 
thusiastically accepted: by this laboratory because of its simplicity and its 
exactness. We had employed Abrams’ method since 1923 and still stoutly 
defend it as being accurate, but it is bulky to use and is awkward to the 
novice. It lent itself to error in all its steps from real mix to nominal mix 
to field mix, with shrinkages and bulking factors and finally to proportions 
by weight and, in later years, checking the whole thing by absolute volumes. 

When ACI 613-44 came along it was so utterly simple that it immediately 
caught our eye and we checked the design of several mixes against Abrams’. 
The sand content invariably checked within usually 2 percent and the cement 
factors were always close so the new method was adopted. It’s no trick at 
all to turn a green man loose and get a quick, accurate design. 

Now comes a proposed recommended practice to confuse us, for we thought 
ACI 613-44 was the ultimate. I think we might as well have adopted the 
Goldbeck method outright. Both are primerish, and as such, have their 
place among students; but for the busy engineer who has to design concrete 
mixes, ACI 613-44 is more to the point and easier to use. Table 5 in that 
standard leads the design man right to the point, unswervingly, as the dry- 
rodded weight method does not, for I know how variable the dry-rodded 
weight can be with two different men. 


*Pacific Gas and Electric Co., Emeryville, Calif. 
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COMMITTEE'S CLOSURE 


Messrs. Howard, Greene, Leavitt, and Moulton have raised some questions 
regarding entrapped air, fineness modulus of sand, and rodded unit weight 
of combined coarse aggregate as treated in the proposed standard. 

Entrapped air cannot be ignored in a study of the effect of entrained air 
on the properties of concrete. Intentionally entrained air is in excess of the 
amount normally entrapped in the mix. Only the entrained air, in proper 
distribution, improves workability and increases the resistance of concrete 
to freezing and thawing. The recommended average total air contents listed 
in Table 3 of the proposed standard corresponds to about 7 percent intention- 
ally entrained air in the mortar of the concrete in addition to air normally 
entrapped by the concrete. 

The committee did not think it advisable to show in Table 6 FM’s higher 
than those listed in ASTM specifications for fine aggregate. The values 
listed in Table 6 of the proposed standard may be extrapolated for sands 
having an FM as high as 3.4 as used by Mr. Howard. 

We agree that if the coarse aggregate is separated into its component 
sizes, as it usually is, the relative amount of each size fraction to be used 
in the mix must be determined before the rodded unit weight of the com- 
bined coarse aggregate can be ascertained. Usually it is desirable, when 
suitable workability is obtained and specifications are not violated, to use the 
materials in the proportions produced from the pit or quarry. Using this 
grading as a start, successive adjustments may be made to obtain a suitably 
workable and economic mix. 

The sand percentages listed in Table 5 of ACI 613-44 were considered in 
establishing values listed in Table 6 of the proposed standard. Any set of 
values such as these can be given for average conditions only. Also, inasmuch 
as cement usually contributes more to workability than does an equal volume 
of sand, the values from Table 6 yield some rich mixes that appear oversanded 
and lean mixes that appear undersanded, as is reported by Mr. Howard. 
The values listed in Table 6 are intended for use in developing the first trial; 
usually adjustments must be made to obtain a mix that is completely satis- 
factory for the materials used. 

In answering Mr. Thomas’ criticism, it should be pointed out that with 
the exception of the portions on air-entrained mixes, the proposed standard 
differs from the 1944 standard in only one important point, namely, the method 
for selecting the proportions of fine and coarse aggregate. In the 1944 
standard the minimum amount of sand required to produce workability, 
the. amount of water to give the necessary fluidity, and the water-cement 
ratio required for strength and/or durability are selected from tables given 
in the report. From these values the amount of coarse aggregate in the 
mix is computed. In the proposed standard the percentage of dry-rodded 
coarse aggregate which can be used in a given volume of concrete is selected 
from a table. For example, if the dry-rodded weight of the coarse aggregate 
graded up to 1)4-in. maximum is 100 lb per cu ft, the table shows that 74 
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percent of this or 74 lb can be used per cu ft of concrete with a sand having 
an FM of 2.60. The volume remaining in the cubic foot is filled by sand, 
cement, water, and air. The water and cement are determined as in the 
1944 standard and the amount of sand, if no entrained air is involved, fills 
the rest of the space. This method permits, within usual variations, a ready 
interchange of cement, water, sand, and entrained air without materially 
affecting the workability. Adjustments where entrained air is involved are 
facilitated. 


In the proposed method of proportioning, the effect of particle shape and 
grading of the coarse aggregate is accommodated by reference to the rodded 
unit weight. For a given grading the unit weight of an angular aggregate 
of a given specific gravity is usually less than that of a rounded aggregate 
having the same specific gravity because the rounded aggregate fits together 
more tightly with a smaller percentage of voids among the particles. Be- 
cause of this, less angular coarse aggregate is used in a mix by this method 
than rounded coarse aggregate. Likewise, the unit weight of poorly graded 
aggregate is less than that of well graded aggregate from the same plant, 
and less poorly graded material by the rodded unit weight reference is used 
in the concrete mix. 

Rodded unit weight varies slightly when obtained by different operators, 
but this variation causes errors no greater than are obtained through the use 
of the average sand percentages listed in Table 5 of ACI 613-44. In ACI 
Proceedings V. 40 W. H. Price discusses the errors which might result from 
use of Table 5 of ACI 613-44 and rodded unit weights as recommended in 
the proposed standard.* 


Table 5 of ACI 613-44 lists water contents for rounded and for angular 
aggregate. The proposed standard lists average values for these because 
aggregates and cements from various parts of the country require widely 
different water contents and there may be a greater difference between river- 
worn aggregates than between a river-worn aggregate and a crushed aggre- 
gate. At Medicine Creek Dam in Nebraska, only 25 gal. of water per cu 
yd of concrete were required to produce a 3-in. slump for concrete containing 
aggregate graded up to 1!4-in. maximum size, whereas on the Friant-Kern 
Canal, in California, 37 gal. per cu yd were required for producing the 
same slump for aggregates of the same maximum size and produced under 
the same aggregate specifications. The aggregates at both projects were 
river-worn sand and gravel, which, to the naked eye, appeared to be similar 
in particle shape. The proposed method is intended to select a starting mix. 
Only average materials and conditions would produce a mix requiring no 
adjustment in the water content. 


Because of the range in void content that might be obtained even with 
aggregate of one class and because of the small amount of time and effort 
required to make the rodded unit weight determination, the committee 


*Discussion of “Proposed Recommended Practice for the Design of Concrete Mixes,’’ ACI JourNnat, June 
1944, Proc. V. 40, p. 116-10. 





SELECTING PROPORTIONS FOR CONCRETE 120 - 7 


decided against the inclusion of a table such as that suggested by Mr. Britzius. 

The section for the small job has not been changed from that given in 
ACI 613-44 except for addition of values for concrete containing entrained 
air. 











Title No. 50-7 


Development of a Cell for the Installation 
of Electrical Resistance Strain Gages in Concrete’ 


By HERBERT E. WORLEY and RICHARD C. MEYERT 


SYNOPSIS 


These investigations were conducted to develop a method of adapting 
SR-4 electrical resistance strain gages for measurement of strains in concrete 
pavements. Previous experiments in which SR-4 gages were incorporated in 
cells which could be cast internally in concrete indicated that some new water- 
proofing technique would have to be found which would extend the useful 
life of such installations. 

SR-4 gages having a 6-in. gage length were found to indicate strain values 
which were much more consistent than did shorter gage lengths when used 
on concrete containing coarse aggregate. 

A number of experimental cells were made and tested before one was 
developed that measured strains satisfactorily. The SR-4 gages for this gage 
cell were cemented between the flattened walls of an expanded portion of 
5@- or 3-in. copper tubing. The copper tubing extended the length of the 
gage leads and was filled with Petrosene wax to keep moisture from entering 
the gage cell. 

Specimens in which these thin-walled copper gage cells were cast were 
tested in the laboratory in compression and in flexure. Strains measured 
with internal gages compared favorably with those found by similar surface 
gages with no apparent reinforcing of the concrete by the gage cells. Con- 
sistency of strain values indicate a good bond between concrete and gage cell. 

Two rosettes of two gages each were cast in a pavement and a strain in- 
vestigation was made to determine the workability of these gages. Strains 
due to a 20,000-lb axle moving load at various speeds and in several wheel 
lanes were recorded satisfactorily. 

After having been installed in a concrete pavement for ten months the gages 
have manifested no decrease in gage to cell resistance. It is believed that 
gages of this type are waterproof and will remain serviceable for a long time. 


INTRODUCTION 


The Kansas Highway Commission has experimented for the past three 
years with SR-4 electrical resistance type strain gages in an effort to adapt 
them for measuring strains which exist in concrete pavements. SR-4 gages 
must fulfill certain requirements to measure these strains. In the first place, 
if the gages are to measure maximum strains, they must be placed in or on 


*Received by the Institute Mar. 9, 1953. Title No. 50-7 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 25, No. 2, Oct. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1954. Address 18263 W. McNichols 
Road, Detroit 19, Mich. 


+Soils Research Engineer and Electronics Engineer, respectively, State Highway Commission of Kansas, Topeka, 
Kan. 
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the slab at points where such strains exist. Secondly, the gages must be 
kept absolutely dry and electrically isolated from ground for proper operation. 
Thirdly, because SR-4 gages are rather fragile they must be protected from 
damaging physical contacts. 

For most investigations SR-4 gages are cemented directly to the surface 
of the material being tested. This is not entirely satisfactory for measuring 
strains in concrete pavements. Gages cannot be conveniently placed in 
wheel lanes for dynamic tests. The useful life of SR-4 gages applied directly 
to the surface of concrete pavements is relatively short, because no satisfactory 
method of waterproofing them has been developed. 

After considerable investigation beginning in the spring of 1950 the Uni- 
versity of Wichita Foundation for Industrial Research! developed a gage cell 
which could be cast internally in concrete and which was apparently water- 
proof. For these cells the SR-4 gages were cemented to the inside surface 
of short sections of thin-walled brass tubes. The lead wires were brought out 
of one end of the cell which was then sealed with a plastic cement. The 
other end of the gage cell was sealed by welding to complete fabrication of 
the gages. A number of such gages were installed in a road pavement during 
the summer of 1950 at Dorrance, Kan. The gages were cast at various 
locations in the slab and were to be used to measure strains in the concrete. 

A series of dynamic tests? were made on the Dorrance project with satis- 
factory results about two months after installation of the gages. Trucks 
with various axle loads and moving at various speeds were driven across 
the gage areas and the strains were recorded on a 12-channel oscillograph. 

Some difficulty was experienced in the tests made on the Dorrance project 
because of random electrical interference which was picked up by the un- 
shielded gage leads. This interference appeared as “hash” or jagged lines 
on the oscillograph traces and made measurement of trace deflections difficult. 
This experience indicated that if high-gain amplifiers are used it would be 
advantageous to provide electrical shielding for gage leads. 

Early in the summer of 1951 the general condition of the gage installation 
at Dorrance was checked. The resistances from the gages to ground were 
low due to entrance of moisture into gage cells. Some gage elements had 
corroded to such an extent that the gage circuit was no longer continuous. 
The installation was deemed to be no longer serviceable and was abandoned. 

The Kansas Highway Commission was interested in conducting further 
strain investigations—especially tests of a dynamic nature. However, 
before further progress could be made a new gage cell had to be designed 
which would remain serviceable over a long period. 


INVESTIGATION OF GAGE LENGTH 


There has been some uncertainty about proper gage length for SR-4 gages 
in measuring strains in concrete containing coarse aggregate. Strains as 
measured with shorter gage lengths would be affected by local irregularities 
caused by coarse aggregate. 
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Fig. 1—SR-4 strain gages on specimen No. 1. Fig. 2—SR-4 strain gages on specimen No. 2 


In an effort to ascertain the magnitude of localized strains which occur 
in concrete due to close proximity of coarse aggregate, an investigation was 
made in the state highway laboratory at Manhattan, Kan. Several specimens 
were procured containing coarse aggregate. One of these (specimen No. 1) 
contained native limestone as coarse aggregate which has a relatively low 
modulus of elasticity. The other (specimen No. 2) contained trap rock as 
coarse aggregate which has a high modulus of elasticity. Both of these 
specimens were sawed so that a smooth face was obtained and coarse aggregate 
was exposed. 


Three 14-in. SR-4 gages (Type A-5) and one 6-in. SR-4 gage (Type A-9) 
were cemented on the sawed surface of specimen No. 1 as shown in Fig. 1. 
This specimen measured 514 x 6 x9 in. and was loaded in compression parallel 
to the 9-in. dimension. 


Five 4-in. gages and two 6-in. gages were cemented to specimen No. 2. 
The center portion of this beam is shown in Fig. 2. The specimen measured 
3 x 6 x 15 in. and was loaded in compression parallel to the 15-in. dimension. 

Both of these specimens were loaded as indicated and the strains in all 
gages for each increment of load are recorded in Table 1. Unit deformation 
versus compressive stress for various gages on both specimens are plotted 
in Fig. 3 and 4. 


For the first loading of specimen No. 1, which contained the limestone 
aggregate, strains as indicated by the several gages were of about the same 
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TABLE 1—STRAIN VALUES ON CONCRETE SPECIMENS FOR VARIOUS LOADS 





Specimen No. 1 
Dimensions: 5% x 6 x 9 in.; coarse aggregate: Kansas limestone 





Compressive First loading Second loading 

5 stress, unit deformation xX 10¢ unit deformation xX 10* 
psi Pan Bae | 

Gage 1 Gage 2 | 


’ =: Rone 
Gage 3 Gage 4 

0 0 | 0 0 

150 38 < . é 51 47 

305 87 i¢ < < 119 101 

455 131 188 161 

605 i 36 f 5 248 211 

760 70 | 20: 93 300 259 

30,000 910 24: 202 215 < 352 305 
35,000 1060 28 37 2 276 py 407 351 
40,000 1215 315 < 2s < 30: 455 397 
45,000 | 1365 3: 306 332 3: 337 f 508 439 
50,000 1515 397 347 396 555 487 


























Specimen No. 2 
Dimensions: 3 x 6 x 15 in.; coarse aggregate: trap rock 





Compressive Unit deformation Xx 10¢ 

stress, ——-——-] —)— 
psi Gage 1 
Not ae ees —| 
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Gage 2 Gage 3 Gage 5 

0 0 0 
220 - 19 59 
445 71 166 
665 11 249 
890 ¢ 5f 326 
1110 24: s 386 
1330 298 220 455 
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Fig. 3—Strains versus compressive stress on specimen No. 1 
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Fig. 4—Strains versus compressive stress on specimen No. 2 


magnitude. The aggregate seemed to deform somewhat more than the mortar. 
About a week later this beam was again loaded and the unit deformation 
was plotted for all gages (Fig. 3). In this case the mortar deformed more 
than the aggregate. This specimen was six months old and had been stored 
in laboratory air for several months previous to the investigation and again 
for the interval between loadings. The first loading was made three days 
after the specimen was sawed so that some of the water absorbed during 
sawing may still have been present. Some of this water may have been lost 
during the period between loadings, thereby changing the condition of the 
specimen. 

A plot of unit deformation versus compressive stress for specimen No. 2 
(Fig. 4) shows a wide variation in strain as indicated by the several SR-4 
gages. This specimen contained trap rock as coarse aggregate which did not 
deform as much as the mortar. For example, gage No. 3 which was ap- 
parently not in close proximity with any coarse aggregate indicated about 
three times as much strain as did gage No. 4 which was attached to a piece 
of coarse aggregate. The 6-in. gages (gages No. 6 and 7) indicated strains 
which were almost identical.* 

From an analysis of the data it appears evident that strains as indicated 
by SR-4 strain gages of the shorter lengths will differ greatly for the same 
condition of load when used in concrete containing coarse aggregate. This 
is especially true when the modulus of elasticity of aggregate and mortar are 
quite different. The 6-in. gages, while not measuring maximum localized 
"A small amount of eccentric loading of the specimen could account for the apparent increase in modulus of 


elasticity with an increase in load. The gages were attached to only one face of the specimen and any nonuniformity 
of applied load could not be balanced out. 
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strains, could be expected to give average strain values which would be much 
more consistent for similar conditions of loading. 


EXPERIMENTAL STRAIN GAGE CELLS 


Several types of gage cells were made and tested before a satisfactory 
method of fabrication was developed. Two of these experimental cells are 
described briefly. 


Brass foil cell 


This cell was made from brass shim stock having a thickness of 0.002 in. The brass foil 
was folded to form an envelope and the seam was soldered. An SR-4 gage with a 6-in. gage 
length was drawn into the cell and cemented to the inside surface of the brass envelope. 


These cells closely resembled those developed by R. C. Valore* of the National Bureau of 
Standards. Instead of bringing the gage leads out of the gage cell through a wax seal as 
did Valore, the leads were brought out through the open end of the cell in a 3%-in. copper 
tube. This tube was soldered to the gage cell and extended the length of the lead wires. 

Although great care was taken in soldering, these gage cells proved to be not completely 
waterproof. The cells were subjected to about 60 psi water pressure and maintained a high 
electrical resistance from gage to cell for only a few hours. 

Two of these thin-walled brass cells were cast into concrete test cylinders. At 22 days 
of age these cylinders were loaded in compression and the value of strain indicated by the 
internal gage was compared with strains indicated by two similar gages cemented on the 
outside surface of the cylinders. For both specimens the strains indicated by internal gages 
were much less than those indicated by external ones. 

These cells were flexible and difficult to cast into concrete. It is probable that unavoidable 
flexing of the gage cell prior to placing of gages in the concrete partially destroyed the bond 
between the gage and gage cell. This would account for the low values of strain indicated 
by the internal gages. 


Thin-walled copper cell 


Another recently developed type of gage cell appears to be successful. To make this type 
of gage cell a portion of 5¢-in. copper tubing was expanded in a lathe to an inside diameter 
of 4% in. This was done by forcing successively larger rods into the rotating copper tube. 
The expanded portion of the tube serves as the gage cell proper and the small diameter 
portion serves as a shield for the lead wires. 

The wall thickness of the resulting gage cell was about 0.015 in. A coat of cement was 
applied to a 6-in. gage and it was drawn into the gage cell along with two layers of felt. The 
copper tube was then flattened so that the gage was held tightly in contact with one side of 
the cell. The layers of felt afforded protection to the gage and also increased the thickness 
of the finished cell to about 0.070 in. This increased thickness of the gage cell decreases its 
effective modulus of elasticity* and decreases the tendency of the gage cell to reinforce the 
concrete. 


After the cement bonding the gage to the gage cell had thoroughly dried, the air space in 
the cell and in the copper tube containing the lead wires was filled with Petrosene wax. 
J. D. Todd‘ of Oxford University has also found this to be a satisfactory method for protecting 
strain gage lead wires. This wax is a product of the petroleum industry and is entirely free 
from moisture. The open end of the gage cell was carefully soldered. These gage cells were 
tested under 60 psi water pressure for 48 hr with no apparent decrease in resistance between 
gage and cell. 


*The effective modulus of elasticity of the cell is defined as the modulus of elasticity of copper multiplied by 
the ratio of the volume of copper in the cell to the volume of concrete which it displaces. The modulus of felt is 
very low and is neglected. 
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TABLE 2—COMPARISON OF INTERNAL AND SURFACE GAGES FOR MEASURING 
STRAINS IN CONCRETE TEST CYLINDERS 


Unit strain X 106 


Load, Stress, - 
Ib X 10-3 psi Surface No. 2 Surface No. 3 Ave. surface Internal 


Cylinder A 


Cylinder D 


Finished gages were tested to insure a good bond between the gage and cell. The gages 
were supported near the lead end as a beam fixed at one end. The free end was loaded with 
a small weight. The strains induced in the gages by this loading were measured with a Baldwin 
strain indicator. The consistency of strain values for the several gages indicated a good bond 
between gages and gage cells. 


Two cells of this type were cast in concrete test cylinders and loaded in compression at 
21 days. The strains indicated by internal gages were compared to strains indicated by two 
surface gages on each cylinder. The data for these tests are tabulated in Table 2 and plotted 
in Fig. 5. Good correlation was found between strains indicated by the various gages. 


In an effort to test the durability of internal gages, the cylinders were subjected to 20 cycles 
of freezing and thawing. After this treatment the specimens were again loaded in com- 
pression. The strains as found with the several gages were in good agreement. The gages 
maintained a resistance from gage to gage cell of well over 100 megohms. 


Two other cells of this type were cast 34 in. below the surface on opposite faces of a 
6 x 6 x 36-in. test beam. After curing this test specimen for 15 days, two SR-4 gages were 
cemented on the surfaces directly above the internal gages. This beam was supported on 33 
in. centers such that the gages were on the top and bottom surfaces as shown in Fig. 6. 


The beam was loaded in increments of 400 lb to a total load of 2000 lb or about 309 psi 
in the outer fiber. The load was applied first on one side of the beam and then on the other 
such that all gages were loaded in both tension and compression. The values of strain for 
all gages are recorded in Table 3. The strains indicated by internal gages when referred to 
the surface were almost identical to those which were indicated by external gages. Tensile 
strains and compressive strains were of about the same magnitude. 


The foregoing tests indicate no perceptible reinforcing of concrete by the gage cell. In- 
creasing the thickness of gage cells through use of several layers of felt appears to effectively 
reduce the modulus of elasticity of the gage cells to about that of concrete. These cells are 
sturdy enough, however, so that little difficulty is experienced in handling and orienting them 
while casting them in concrete. 
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Fig. 5—Strains for internal and surface gages versus compressive stress 


The good correlation between strain values measured by internal gage cells and surface 
gages for the test cylinders and 6 x 6 x 36-in. test beam indicate a good mechanical bond 
between the gage cells and concrete. This was also found to be true after the cylinders con- 
taining the gage cells had been subjected to 20 cycles of freezing and thawing. 


FIELD INVESTIGATION 


During the spring of 1952 plans were made to install two rosettes of two 
each of the thin-walled copper gage cells in a highway pavement. This 
installation was planned to determine the reliability of such gages over a long 
period and under field conditions. 

Fabrication of gages 

The gage cells for this installation were made from copper tubing having 

an outside diameter of 3g in. This tubing had a wall thickness of 0.030 in. 





(Top view of beam showing gage locations) 
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Fig. 6—Method of loading 6 x 
6 x 36-in. test specimen in flexure 
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TABLE 3—COMPARISON OF STRAINS INDICATED BY INTERNAL GAGE CELLS 
AND SURFACE GAGES ON A 6 X 6 X 36-IN. BEAM LOADED IN FLEXURE* 





l j 
Gage 1 internal|/Gage 1 internal Gage 1 Gage 2 internal|Gage 2 internal) Gage 2 


Load, lb | (indicated) | (referred to external | (indicated) | (referredto | external 
| outer fiber) 


outer fiber) | 


First loading 


0 
—18 
—34 
52 
| «70 | 
—86 
| 


Second loading (beam turned over) 





0 0 0 
400 11 : —13 
800 26 3 —26 

1200 39 ‘ —40 
1600 52 ¢ 3 —52 
2000 67 ¢ ~66 


*Unit strain X 106. 
Negative values indicate compression. 
Positive values indicate tension. 


and was in an annealed condition. The gage cells described previously were 
made of copper tubing having an outside diameter of 52 in. This smaller 
size was unavailable in large quantities so the 3¢ in. size was used instead. 

Gages were constructed from an 18-ft length of tubing, so that leads could 
be brought across the shoulder of the road to a terminal box. A 9-in. portion 
of tubing was expanded to an inside diameter of 5¢ in. The wall thickness 
was reduced to about 0.017 in. in the expanding process as compared to 
0.015 in. when 5%2-in. copper tubing was used. 

Lead wires were cut from No. 25 stranded copper wire (Beldon Type 8014) 
and were soldered to 6-in. SR-4 strain gages. The gages were coated with 
SR-4 cement and drawn into the expanded tubing along with two layers of felt. 
The gage cell was flattened so that the cemented side of the gage was held 


Fig. 7—Fabrication of strain gage cell. (A) 

Type A-9 SR-4 strain gose: (B) Strain gage 

with felt backing; (C) Expanded copper cell; 

(D) Side view of completed cell; (E) Edge view 
of completed cell 
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tightly against thé inside surface of the cell. The over-all thickness of the 
gage was about 0.075 in. as compared to 0.070 in. for the gages which-were 
tested in the laboratory. These gages are shown in various stages of con- 
struction in Fig. 7. After the cement had thoroughly dried, the tube contain- 
ing the gage leads was filled with Petrosene wax. The open end of the gage 
cell was carefully soldered to complete the gage. 


The gages were then subjected to 60 psi water pressure for 48 hr with no 
apparent decrease in gage to cell resistance. Bond between the gages and 
gage cells was checked in the manner previously described and was found 
to be adequate. 


Along with the four active gages, two dummy gages were also constructed. 
These cells were to be cast into the concrete in the vicinity of the active 
gages so as to remain at the same temperature as the active gages. The 
SR-4 gages for these cells were cemented to a 4 x 4 x 7-in. Invar bar. 
Because Invar has a low coefficient of expansion, this dummy gage balances 
out changes in gage resistance due to changes in temperature. The active 
elements of the compensating gages must not be bonded to the concrete 
such that strains in concrete will be transferred to them. A short section 
of 3%-in. copper tubing was expanded to % in. inside diameter and soldered 
to an 18-ft section of 3¢-in. tubing. Leads were attached to the SR-4 gages 
which had been cemented to the Invar bar and the whole assembly was 
pulled into the expanded portion of the large copper tube. The tube contain- 


ing the leads was filled with Petrosene wax, care being taken to keep the 
wax from bonding the Invar bar to the wall of the gage cell. The open ends 
of the gage cells were soldered and the cells were tested for waterproofness. 


Installation of gages 

In July, 1952, these gages were installed in a concrete pavement on U. 8. 
Highways 24 and 40 three miles east of Perry, Kan. Four active gages 
were placed near the center of a 20-ft panel and 30 in. from the edge of the 
slab. Two active gages were placed at right angles across each other 11% 
in. above the subgrade and another pair directly above them 1% in. below the 
surface of the slab. The compensating gages were placed longitudinally 
11% in. from the bottom and top of the slab and in the same wheel lane es 
the active gages. This pavement was 9-in. thick, of uniform cross section, and 
had a 2-in, crown. 
. The gages were positioned in their general locations before the concrete 
was placed and tubes containing the lead wires were brought out under the 
forms, .A wood-box was placed over the gage area prior to placing of the 
concrete. A section of steel mesh about 6 sq ft in area was cut out in the 
immediate vicinity of the. gages; therefore, there is no wire mesh within 
about a foot of the-gages.* 

After the concrete spreader had passed the gage area, the box was uncovered 
and top removed. The gages were oriented into their exact positions and held 


*Although the elimination of the steel mesh changed the pavement slightly in the gage area, it would in no way 
affect the reliability of tests made to determine workability of the gages. 
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Fig. 8—Installation of gages 


Fig. 9—Strain recording equip- 
ment 


with steel wire supports as shown in Fig. 8. The box was removed and con- 
crete was placed around the gages by hand. The finishing machines finished 
the gage area along with the remainder of the pavement. 


The gage leads were buried 10 in. below the surface of the shoulder and 
were brought through a conduit into a steel terminal box. This box was 
bolted to a post just outside the shoulder of the road. The gage leads were 
extended 4 ft beyond the end of the copper tubes with rubber insulated wire 
to facilitate the making of strain measurements. 


Since the installation of gages, strain and resistance measurements have 
been made periodically. The strains to date have been small and quite 
consistent for the several gages. The gage to ground resistance for all gages 
has been maintained at well over 100 megohms. 

Loading tests 

In November, 1952, a rather limited strain investigation was made to 
determine workability of the imbedded strain gages. Strains induced in the 
pavement by moving and stationary axle loads were measured along with 
slab deflections. 


The truck used to apply these loads was a 2!4-ton dump truck with a 
wheel base of 12 ft 10 in. The truck had dual 11 x 20-in. tires on the rear 
which were inflated to 90 psi. The front axle carried a load of 7600 lb and 
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TABLE 4—MAXIMUM RECORDED STRAINS* 


October 1953 





Distance of 
wheel from 
the edge of 
pavement, 
in.t 


Static strains, 
microin. per in. 


Dynamic strains, microin. per in. 





Créep speed 


20 mph 





Longitudinal 


Transverse 


Longitudinal 


Transverse 


Longitudinal 





6 


18 





31 


32 


29 
32 
32 


—11 


23 


26 


— 9 


— 6 


Transverse 





36 35 

30 | . 26 
| 33 P 35 . 

42 28 29 


54 20 18 




















*Values for two active gases. : ; 
+Measured from centerline between right rear dual tires. 


the rear axle a load of 20,000 lb. The axle loads were determined on the job 
with portable loadometers. 


Dynamic strains and slab deflections were recorded with a two-channel 
Brush magnetic oscillograph (Model BL-202). This oscillograph and one of 
its associated analyzers (Brush Model BL-320) are shown in Fig. 9. The 
static strains and deflections were measured with a portable Baldwin strain 
indicator. 


Two active gages were used in each bridge circuit for all strain measure- 
ments. The two longitudinal gages were paired together in separate arms 
of the bridge as were the two transverse gages. Such a configuration measures 
strain in the two gages as a single value and cannot be used to determine 
strains in individual gages. This method of connecting gages made it possible 
to measure strains in all gages simultaneously with available equipment and 
had the added advantage of doubling pen deflections. 


For all calculations, strains in the bottom gages were assumed to be equal 


and opposite to those in the top ones. Preliminary tests in which strains in 
the individual longitudinal gages were measured separately indicated that 
this was true. Strains in the transverse direction were too small to give pen 
deflections large enough to be accurately measured when gages were connected 
separately. 


A number of truck passes were made at 20 mph and at creep speed in five 
wheel lanes. Static readings were taken at regularly spaced intervals in the 
gage area and in the same wheel lanes as the dynamic loadings. A strip of 
whitewash was repainted across the slab after each truck run such that the 
lane of travel could be accurately determined. 


Maximum strains in each wheel lane for both the longitudinal and trans- 
verse gages are tabulated in Table 4. The maximum strains for each wheel 
lane were recorded when the rear axle of the truck passed the gages. These 
strains were referred to the surface of the slab and stresses were calculated. 
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Fig. 10—Computed stresses in 
concrete 








7 LONGITUG 
GAGE 











In. 











STATIC LOADS 


COMPUTED STRESS IN LBS. PER. SQ. 


CREEP SPEED 


20 M.P.H. 











1 
18 42 





DISTANCE FROM WHEEL TO EDGE OF PAVESENT IN INCHES 


Present slab theory indicates that principal stresses in road pavements are 
parallel and perpendicular to the edge of the pavement. Principal stresses 
were therefore in the direction of the gages and maximum stresses have 
been calculated. For these calculations the modulus of elasticity for the 
concrete was 7 X 10° psi as calculated from the pulse velocity through the 
slab. This velocity was determined with the Soniscope at the time tests 
were made. Poisson’s ratio was assumed to be 0.20 and density of the con- 
crete was 150 lb per cu ft. Stresses, as calculated from maximum strains 
recorded for each wheel lane, are plotted in Fig. 10. 

Slab deflections at the edge of the pavement were measured at the end 
of the panel and at the gage area. These deflectometers consisted of SR-4 


Fig. 11—Deflectometer 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1953 


TABLE 5—MAXIMUM SLAB DEFLECTIONS 





Deflections, in. 

Distance of - — SE Aas 
wheel from End of panel 

edge of _ —)- — See 


pavement, in. | Static | Creep | 20 mph | Static 
} 





Center of panel 





| 20 mph 


0.009 0.003 
0.008 : | 0.002 
! 





30 0.027 


18 | 0.031 0.028 
0.022 





gages mounted on a flexible beam which was fixed at one end. The fixed 
end was held solidly by steel rods 36 in. long driven into the subgrade. The 
free end of this flexible beam was held in contact with the slab such that 
any movement of the slab produced bending in the beam proportional to 
slab movement. One of these deflection devices is shown in position in Fig. 11. 

The deflectometers were calibrated by causing deflection of the beam, 
which was measured with a dial gage, and recording strains with the associated 
strain gages. The values for slab deflections are shown in Table 5. 


Plans have been made to repeat this strain investigation at some later date. 
Changes in slab deflection may be valuable in analyzing these future strain 
measurements. 


CONCLUSIONS 


Investigations made to date indicate that the expanded copper tube type 
of strain gage cell accurately responds to strains induced in concrete by 
applied loads. More exacting strain measurements could be made with 
these gages if more sensitive recording equipment were used. Such equipment 
is manufactured commercially but was not available for the previously de- 
scribed tests. If sufficient channels were provided, strains in each of the 
individual gages could be determined simultaneously and accurately. 


The expanded copper tube cell is physically sturdy and can be conveniently 
and accurately oriented as concrete is placed. Because the copper tube 
containing the gage leads is an integral part of the gage cell, adequate moisture- 
proofing as well as electrical shielding is provided. 

The gages have been installed in the concrete pavement for ten months. 
There has been no apparent decrease in electrical resistance between gage 
and cell during this period of time. The gages are expected to continue to 
be usable for a much longer period because of this continuing high resistance. 
Resistance measurements are being made every 30 days to determine the 
length of time that these gages remain serviceable. 
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Discussion of a paper by Herbert E. Worley and Richard C. Meyer: 


Development of a Cell for the Installation of 
Electrical Resistance Strain Gages in Concrete” 


By LYLE K. MOULTON and ARON L. MIRSKY and AUTHORS 


By LYLE K. MOULTON and ARON L. MIRSKYf 


The authors have presented an interesting method of waterproofing and 
protecting SR-4 strain gages so that they can be used for the measurement 
of strains in concrete pavements. Although SR-4 strain gages have obviated 
many of the difficulties involved in the determination of strains, there are 
three problems which must be overcome before the gages can be used in a 
material such as concrete. The gages must be waterproofed and protected 
from mechanical damage, and they must be compensated for changes in 
length due to temperature. The methods described by the authors seem to 
provide solutions for the first two problems, but there is some question as 
to whether or not the method of temperature compensation used is entirely 
adequate. 


On the basis that the strains in the top and bottom of the slab seem to be 
equal and opposite in sign, it was possible to pair together the gages in separate 
arms of the bridge. This doubles the bridge output and is an excellent method 
of providing for the measurement of small strains. However, with the gages 
arranged in this manner and installed in a concrete slab, adequate temperature 
compensation is not easy to achieve. 

The purpose of dummy or temperature compensating gages is to eliminate 
automatically (via the appropriate circuitry) any strain effects in the active 
gages due to temperature changes; to accomplish this, they should be identical 
with the active gages in everything except exposure to strains due to the 
loading under investigation. This implies that they should not only be 
attached to the same type of material as the active gages but that the material 
to which they are attached should be subject to the same temperature defor- 
mations and restraints as is the material under test. It does not seem that 
this has been done in the tests under discussion. 


In the first place the dummy gages were attached to bars of invar which 
does not have the same thermal coefficient of expansion as concrete. In the 
second place the thermal effects in the dummy gages were not subject to the 


*ACI Journa., Oct. 1953, Proc. V. 50, p. 121. Disc. 50-7 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
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same restraint which affects the slab movement and manifests itself as sub- 
‘ grade friction. There is no doubt that these factors are made less objection- 
able by the fact that they tend to compensate for each other. It is assumed 
that this was the reason that invar was chosen for use in the dummy elements. 
For short term tests with small variations in temperature it is likely that no 
significant temperature effect would be noticeable. However, should this 
method be applied using continuous recording equipment for some period of 
time, the uncertainty involved in the factors of large temperature change and 
unknown subgrade friction would leave the results open to question. 

A method which would eliminate much of the uncertainty would be to 
cast an identical slab adjacent to, but separated from, the slab under test. 
The compensating gages could be arranged in this slab in the same manner 
as the active gages except that this slab would be unloaded. A _ possible 
objection to this method could be that there is some uncertainty as to 
whether or not the two slabs would be at the same temperature. In addition, 
the expense would be fairly high.* The writers feel that the additional 
expense would be justified if the type of gage installation described is used 
to make a more detailed long term investigation, something that has long 
been needed. 


AUTHORS’ CLOSURE 


Iessrs. Moulton and’ Mirsky were concerned with the adequacy of com- 
pensation afforded by the dummy gages. 


The problem of adequate compensation for electrical resistance strain 
gages installed in concrete is a difficult one. To truly compensate, the dummy 
gages must be subjected to the same conditions as the active gages except 
that they should not be strained due to the phenomena being measured. 


No satisfactory method of achieving full compensation was available at 
the time of the installation. The dummy gages on invar metal were installed 
however to provide a reference from which to measure changes in length of 
the concrete which occur over longer periods of time. Invar metal has a 
very low coefficient of expansion and virtually remains at a constant length 
over quite a large temperature range. Because these dummy gages are at 
the same temperature as the active gages, the changes in gage wire resistance 
due to temperature is effectively balanced out. 


A change in strain, using the dummy gages as a reference, is therefore a 
measure of the shortening or elongation of the concrete in the gage area. 
These apparent strains cannot be converted into stresses because they are 
not necessarily due to applied loads. The changes in length of the concrete 
from top to bottom of the slab might prove useful in the investigations of 
warping and the expansion and contraction of concrete slabs with temperature 
or changing moisture conditions. 


*This could, of course, be eliminated by using one lane of a two-lane highway as the slab with the dummy gage, 
coor the two lanes were separated by a longitudinal expansion joint and traffic was allowed only in the active 
ane. 
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For strains which occur over short periods of time, such as individual 
axle loadings, no temperature compensation is necessary. If a continuous 
recording of strains due to axle loadings were desired, some more elaborate 
method of compensation would be required. 


After being installed more than two years the gages are still maintaining 
a high resistance between the gage and gage cells. Limited tests which have 
been made recently show that all gages are still responding to strains which 
occur with axle loadings. 
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Failure of Concrete Under Combined Tensile 
and Compressive Stresses” 


By G. M. SMITHT 


SYNOPSIS 


Experimental data are presented on failure of concrete under combined 
tensile and compressive stresses. A simple stress-ratio equation, based upon 
ultimate compressive strength and modulus of rupture, shows a remarkable 
correlation with experimental data for various combinations of tensile and 
compressive stresses. 


INTRODUCTION 


Several well-known “theories of failure” are in general based on the premise 
of slip, rather than fracture, and are not applicable to concrete. Because 
of the inherent nature of concrete, fracture is usually caused by a tensile 
stress or strain which may result from various stress combinations. A common 
stress combination which occurs in concrete members is that of tensile and 
compressive stresses on mutually perpendicular planes. Furthermore, tensile 
stresses may result from temperature and shrinkage on planes perpendicular 
to compressive stresses imposed by external forces or loads. 

Since fracture of concrete is most generally attributed to tensile stresses 
or strains, it seems that an investigation of failure of concrete under com- 
bined tensile and compressive stresses would be of qualitative value. 


EXPERIMENTAL TEST 


Apparatus for making the test is shown in Fig. 1 and consists essentially 
of a small hydraulic jack, plates, and rods. Compressive stress is obtained 
by jacking against the plates bearing on a modified cube at the center of 
the beam and tensile stress at the bottom is obtained by loading the specimen 
as a beam at the third points. The plates bearing on the 3-in. side of the 
concrete are l-in. wide, giving a bearing area of 3 sq in. The total com- 
pressive load is determined by the amount of spring deflection. 


*Received by the Institute Feb. 5, 1953. Title No. 50-8 is a part of the copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 25, No. 2, Oct. 1953, Proceedings V. 50. Separate prints are available at 35 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 
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incoln, Neb. 
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Fig. 1—Apparatus used for subjecting specimens to combined stresses 


SPECIMENS 


The specimens used in this series of tests were 3 x 4 x 16-in. beams made 
from Type I cement and Blue River sand-gravel. The specimens were cured 
one day in a moist closet, followed by four days in moist storage at 130 F, 
and then two days in laboratory air. 

A total of 18 beams were divided into six groups of three for obtaining the 
average value for various tensile and compressive stress combinations for 
failure. 

The failure from a combination of tensile and compressive stress was 
obtained by “jacking in’ a given percent of the ultimate compressive stress, 
followed by slowly loading the beam in flexure to failure. Fig. 2 shows the 
fracture for the specimens loaded with 60 percent of the ultimate compressive 
stress plus flexural load to failure. It is significant that all the specimens 
showed similar fractures in the region within the l-in. wide modified cube. 
This indicates that compressive stress was a contributing factor in causing 
failure, and that friction between bearing plates and specimen had little, if 
any, effect on failure. 


Table 1 presents a comparison of the ultimate compressive stress as de- 
termined by ASTM C 116-44 (modified cube) loaded in the hydraulic testing 








FAILURE OF CONCRETE UNDER COMBINED STRESSES 


Fig. 2—Fracture of specimens 

loaded to 60 percent of ultimate 

compressive strength plus ad- 

ditional flexural load needed for 
failure 


machine to the ultimate compressive stress as determined from the modified 
cube loaded by the apparatus in Fig. 1. These data shows good agreement 
between results of modified cubes spring loaded in the apparatus to modified 
cubes tested according to ASTM procedure. 


DISCUSSION 


Fig. 3 shows experimental results of failure under various combinations of 
tensile and compressive stresses. It is to be noted that experimental data 
closely parallel the stress-ratio function of 


S. \? S; \2 
(s)+(s)— 


S, = ultimate compressive stress (S; = 0) 

S, = ultimate tensile stress computed from Mc/I (S, = 0) 
S. compressive stress 

S, = tensile stress from Mc/I 


TABLE 1—ULTIMATE COMPRESSIVE STRENGTHS 





Compressive stress from 
modified cube loaded in 
apparatus, psi 


| ASTM C 116-44 compressive 
| stress from modified cube, psi 
area = 12 sq in. 


Specimen 


| 





| 

3750 3750 
3870 | 4030 
| 3470 | 3150 
| 3697 | 3643 
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Fig. 3—Concrete failure under combined stresses 


Although the equation is empirical, the constants consist of two fundamental 
properties of concrete; namely, ultimate compressive strength and modulus 
of rupture. In spite of the fact that the experimental data are limited in 
scope, exceptional correlation of experimental data to the stress-ratio function 
above is quite significant, and appears to have some merit. 





Title No. 50-9 


Correlation Between Laboratory Accelerated 
Freezing and Thawing and Weathering 
at Treat Island, Maine’ 


By THOMAS B. KENNEDY and KATHARINE MATHERT 
SYNOPSIS 


Six coarse and eight fine aggregates were used in 48 combinations to make 
concrete specimens, all with the same water-cement ratio, air content, and 
slump for comparative testing in accelerated freezing and thawing and ex- 
posure to natural weathering at mean-tide elevation at Treat Island, Me. 

The two types of exposure, aggregates used, test procedures, and results of 
dynamic testing of concrete specimens in both exposures are described. A 
summary is included of the examination of some of the concrete specimens and 
hypotheses suggested to explain differences in results in the two exposures, 
and a discussion of the relation of difference between thermal coefficients of 
coarse aggregate and mortar and durability factor found in these tests. The 
appendix contains more detailed information on the examination of the con- 
crete and related discussion of other factors believed to be important in 
explaining results. 

Comparison of laboratory and field results indicates that each aggregate 
combination behaves in an individual manner in each exposure, as influenced 
by differences in materials and in exposures. Prediction of behavior in one type 
of exposure from behavior in another cannot be made unless all the differences 
between the two can fully be evaluated, which is not yet possible. 


INTRODUCTION 


The ultimate objective of all performance testing of concrete and other 
materials is the prediction of how the material will function in the field through 
evaluation of how it functions under test in the laboratory. Concrete tested 
in the laboratory is not identical with that tested in the field due to many 
causes, and forces exerted by nature are different in type, duration, and 
magnitude from those caused by laboratory tests. 

One of the principal causes of deterioration of concrete is freezing and 
thawing of water in the voids and on the surface of concrete. Severity and 
frequency of alternations of freezing and thawing govern the rate of deterio- 
ration and in turn depend upon the geographical location of the structure 
and local variation in the weather from winter to winter. Frequency of 
alternations might be 30 to 40 times per winter for a severe inland exposure 
and exceed 200 for certain tidal-range locations. 

*Presented at the ACI 49th annual convention, Boston, Mass., Feb. 18, 1953. Title No. 50-9 is a part of the 
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It is impossible to construct laboratory apparatus and devise a procedure 
that could reproduce exactly the day-to-day field exposure at any location. 
Even if such a tool could be made and a procedure devised, its use would 
be questionable since the time element of the test would have to be identical 
with the prototype exposure. Therefore, all test procedures, to be of economic 
value, must be accelerated and the more quickly (and accurately) the test 
apparatus and procedure reproduce the effects of the natural exposure the 
more valuable the test. 


This investigation included the testing of six coarse and eight fine aggre- 
gates for suitability in concrete by the commonly used tests and testing of 
the 48 aggregate combinations in concrete in accelerated laboratory freezing 
and thawing and natural weathering at Treat Island, Me. 


LABORATORY FREEZING-AND-THAWING EQUIPMENT 


The laboratory freezing-and-thawing equipment* is fully automatic, requires no movement 
of specimens, produces a temperature change measured at the center of the specimens of 
42 + 2F to0 + 2F in one hour and back to 42 + 2 F in another hour, achieving 12 cycles 
of test per day, maintains a constant moisture condition, and permits evaluation of a material 
in not over two months. The rate of cooling, 42 F per hour, is 8 deg less than the 50 deg 
or greater, which T. C. Powerst states may constitute not an “accelerated” but an “over- 
load” test and require undesirably high air contents for good durability. 


Specimens are 314 x 414 x 16-in. concrete beams and are frozen and thawed immersed in 
water in close fitting sheet metal cans. Cold fluid circulates around and between the cans 
during the freezing half of the cycle and warm fluid circulates during the thawing half. A 
mixture of 60 percent ethyl alcohol and 40 percent water by volume is used for both cold 
and warm fluid. 


TREAT ISLAND EXPOSURE 


The experimental exposure station at Cobscook Bay, Treat Island,{ consists of a timber 
rack at mean-tide elevation attached to a wharf. There are approximately 1500 specimens 
on the rack. The rack is roofed over to insure that all specimens receive a similar exposure 
by eliminating differences due to sunlight and wind. Specimens placed on the rack are ex- 
posed to twice-daily reversals of an average 18-ft tide. At times during the winter months 
alternate exposure to freezing air and submergence in sea water at approximately 34 F pro- 
duces frequent and severe cycles of freezing and thawing in the concrete. The temperature 
of the water is always low, ranging annually from 42 to 30 F, and tends to reduce chemical 
reactions between concrete and the salts in sea water. 


The number of cycles of freezing and thawing as well as intensity of the cycles varies with 
severity of the winter. Over the past 12 winters the average number of cycles of freezing 
and thawing has been 136 with a high of 242 cycles in 1942-43 and a low of 89 in 1950-51. 
Fig. 1 depicts graphically the history of winter weathering at the ‘Treat Island Exposure 
Station since 1940. 

The number of degrees was determined by subtracting from 28 F the lowest temperature 
reached during each cycle and totaling for the entire number of cycles. To compare test 
results for groups of specimens installed at the station at different times, consideration must 
be given to the variable intensity of cycles as well as to number of cycles obtained. This can 


*Wuerpel, C. E., and Cook, H. K., “Automatic Accelerated Freezing-and-Thawing Apparatus for Concrete,”’ 
Proceedings, ASTM, V. 45, 1945, p. 813. 
y bg T. C., “The Air Requirement of Frost Resistant Concrete,” Proceedings, Highway Research Board, 
“tCook, Herbert K., “Experimental Exposure of Concrete to Natural Weathering in Marine Locations,” Pro- 
ceedings, ASTM, V. 52, 1952. 
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Fig. 1—Variation in winter exposure of concrete specimens subjected to freezing and thawing 
at Treat Island, Me. 


be done by basing comparison between groups exposed at different times on degree-cycles 
rather than on cycles alone. The degree-cycles of exposure are determined by multiplying 
the total number of degrees below 28 F by the total number of cycles. 


COMPARISON OF LABORATORY WITH TREAT ISLAND CONDITIONS 


Comparing laboratory and Treat Island types of exposures, some simi- 
larities and many differences are found. The laboratory freezing-and-thawing 
test subjects a 9-day old specimen immersed in an envelope of fresh water 
approximately \% in. thick (except at the lower surface of the beam where 
it rests on the bottom of the container) in a vertical position to a cycle of 
closely controlled regularity and moderate intensity, duplicated at 2-hr 
intervals. The water is changed approximately every 20 cycles, so that 
specimens go through a step-wise leaching process of ions in the mortar and 
aggregate soluble in 0-42 F water containing a small amount of CO.. No 
appreciable curing takes place because of temperatures involved and short 
duration of the test (300 cycles, obtained in approximately 25 days). 

At Treat Island, the specimens, usually at least 90 days old (specimens 
which may be several months old are usually installed during early fall and 
freezing begins in December), are exposed in a horizontal position to tidal 
alternations which tend to saturate them with sea water (average tidal range 
is 18 ft with occasional 30-ft tides) under considerable head and permit them 
to drain and surface dry to some extent (surface drying diminishes because 
marine growth and silt cover the specimens in a few months). In summer, 
field specimens undergo wetting in cold water and partial drying in relatively 
warm air with greater movement of solutions through them than should ever be 
the case in the laboratory test. 





144 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1953 


The saturation coefficient of concrete in sea water may be higher than 
in fresh water not only because of the tidal head involved, but because, as 
Hansen* shows, concrete frozen and thawed in calcium chloride brine shows 
a marked increase in absorption which does not occur when freezing occurs 
in fresh water. It is possible that absorption also increases with freezing 
and thawing in sea water as well as in calcium chloride brine. Freezing of 
the salt water in pores of the concrete occurs when air temperature drops 
below 28 F and the intensity of freezing increases with falling temperature. 
The degree of thermal shock may or may not be severe, depending on the 
ambient temperature, but is frequently more severe than in the laboratory 
because the heat capacity of nature’s freezer is infinitely greater than the 
laboratory freezer and the Treat Island specimens do not have the \% in.- 
insulating layer of water around them as do the laboratory specimens through 
which a more gradual heat transfer is effected. The twice-daily tidal cycle 
causes a maximum of two cycles of freezing and thawing per day when the 
temperature is right. Weeks may pass between freezings and the interval 
between cessation of freezing in the spring and beginning of freezing in late 
autumn is several months. During these non-freezing periods curing and 
autogenous healing of small cracks occur with consequent gain in strength 
and modulus of elasticity. 

It is readily seen that the two test exposures have little in common except 
that both freeze and thaw the concrete in a rather severe manner, and equat- 
ing one with the other becomes quite difficult. The specimens in this test 


series at Treat Island have undergone 456 cycles of freezing and thawing 
with an average of 7 deg below 28 F per cycle. This amounts to 1.45 x 10° 
degree-cycles and by this method of comparison is numerically equivalent to 
213 laboratory cycles. 


MATERIALS 
Cement 
The cement used for all the concrete was Type II from a Birmingham, Ala., mill. Proper- 
ties of the cement are tabulated below. 


Tricalcium silicate, CyS—42 percent 

Dicalcium silicate, CxS—34 percent 

Tricalcium aluminate, C;A—4 percent 

Tetracalcium aluminoferrite, CsA F—12 percent 

Calcium sulfate—3 percent 

Soda, Na,O—0.08 percent 

Potassa, K,O—0.62 percent 

Alkali as Na,O—0.49 percent 

Fineness, Wagner—1800 sq cm per g 

Autoclave expansion—0.17 percent 
Aggregates 

Six coarse aggregates were used, representing a wide range of commonly used materials. 

All were sound by commonly accepted standards, and were sieved and recombined to the 
following grading: 


*Hansen, W. C., ‘Influence of Sands, Cements, —— a Upon the Resistance of Concrete to Freez- 
ing and Thawing,” ACI Journat, Nov. 1942, Proc. V. 39, p. 
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Sieve Cumulative percent passing 


100 
75 
50 
25 

0 


Eight fine aggregates were used, five of which were companion materials to the coarse 
aggregates plus three natural sands. All fine aggregates were graded within the following 
grading range: 


Sieve Cumulative percent passing 


No. 4 98-100 
No. 8 88-95 
No. 16 75-79 
No. 30 41-53 
No. 50 11-17 
No. 100 24 
Fineness modulus 2.59-2.77 


Limestone coarse and fine aggregate—The limestone contained three principal lithologic 
varieties: about 60 percent oolitic fossiliferous limestone, about 20 percent porous or weathered 
argillaceous limestone, and about 15 percent cherty argillaceous limestone. Some of the 
chert was chalcedonic. Montmorillonitic clay (beidellite) amounted to about 4 percent 
of the total and was most concentrated in the porous argillaceous limestone. The grain size 
of the coarse aggregate ranged from medium in oolitic limestone to extremely fine in argillaceous 
limestone. Particle shape of the coarse aggregate was tabular in general. Particle shape of 
the fine aggregate was less desirable than that of other manufactured fine aggregates since 
the limestone sand contained more tabular to thin particles than the others. Probably 
swelling clay (montmorillonite) in the fine aggregate was more accessible to water than 
swelling clay in the coarse aggregate. 


Granite coarse and fine aggregate—The granite was homogeneous, unweathered, fairly coarse 
even-grained granite, consisting principally of potash and soda feldspar, and quartz, with 
mica and accessory minerals. It was quite well interlocked from grain to grain for a granite 
and not conspicuously foliated. Particle shape was tabular and blocky. The manufactured 
sand contained multiple crystal particles in the upper sizes and increasing numbers of single- 
crystal particles with diminishing size. 


River-terrace gravel and sand—The river-terrace gravel and sand were both extremely 
complex in lithology. The gravel consisted of four major groups of constituents, listed in 
order of abundance: igneous rocks, carbonate rocks, chert, and sandy sediments, with minor 
amounts of a number of other types. The igneous rocks included glassy acid volcanics; some 
of the chert was chalcedonic; some of the limestone was porous and probably contained 
swelling clay; the minor constituents included clay-ironstone concretions which have usually 
been weak in freezing and thawing. Particle shape was generally rounded-elliptical and 
blocky with rounded corners and edges. The sand consisted of about 50 percent quartz and 
feldspar, 25 percent igneous rocks, and about 12 percent chert, with minor carbonate rocks, 
clay-ironstone, mudstone, lignite, and miscellaneous minerals and rocks. The igneous rocks 
included glassy acid voleanics and the chert was about half chalcedonic. The clay-ironstone, 
mudstone, lignite, and part of the carbonate rocks were porous and physically weak in 
freezing and thawing. 
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Chert gravel (uncrushed), chert gravel (crushed), and crushed chert sand—Uncrushed chert 
gravel, in the l-in. to No. 4 size range used in the concrete, contained about 85 percent chert 
and the rest sandstone and quartzite; porous chert, sandstone, and quartzite amounted to 
about 15 percent. The particle shape was blocky to elliptical; the dense chert and quartzite 
had very smooth surfaces. The crushed chert gravel and crushed chert sand were both 
produced from the 1!4- to 3-in. size from the same source, which consisted of about 60 percent 
chert and 40 percent quartzite and sandstone including about 10 percent of porous chert, 
sandstone, and quartzite. Some of the chert in all three of these aggregetes was chalcedonic. 
The porous material in the finished crushed gravel and manufactured sand was reduced by 
processing. No direct comparison was made in this program between crushed chert gravel 
and the uncrushed material from which it was processed. 

Particle shape of the crushed chert gravel ranged from blocky and pyramidal to thin and 
splintery; it appeared to contain more thin splinters than the granite and limestone but 
fewer than the quartzite. Surfaces of the crushed chert were rougher than the smooth sur- 
faces of uncrushed gravel, but many of the pieces had at least one uncrushed surface. 


Quartzite coarse and fine aggregate—The quartzite was hard, fine-grained stone composed 
predominantly of rounded quartz sand grains cemented by secondary quartz in overgrowths 
in crystallographic continuity with the original grains. It was a tightly cemented homo- 
geneous material of sedimentary rather than metamorphic origin and was the most uniform 
of the coarse aggregates, from particle to particle and within particles. The particle shape 
was angular, with more flat thin splintery particles than any of the other crushed aggregates. 

Mississippi River sand—The Mississippi River sand was blended with a finer pit sand to 
give the desired grading. The combined product was unweathered dense rounded sand with 
over 50 percent quartz, about 20 percent feldspar, and about 15 percent chert, some of it 
chaleedonic. This fine aggregate, the natural quartz sand, and the cherty river sand are all 
smooth surfaced in the upper sizes, and contain some physically weak or porous chert in 
these sizes. 

Natural quartz sand—The natural quartz sand was rounded and consisted of about 85 
percent quartz and 7 percent chert; some chert in the coarser sieve fractions was porous and 
some was chalcedonic. 

Cherty river sand—The cheriy river sand was rounded and contained about 75 percent 
quartz and 20 percent chert, some of it chaleedonic, and some of it in the coarser sieve 
fractions was porous and vuggy. 


Physical test data on both coarse and fine, aggregates are given in Table 1. 


SPECIMENS 


The six coarse and eight fine aggregates were used in 48 combinations to make concrete 
specimens according to CRD-C 114-48, “Method of Test for Soundness of Aggregates by 
Freezing and Thawing of Standard Concrete Specimens,’’* which requires concrete of 2% 
+ 1»-in. slump, with air content of 444 + 1% percent, water-cement ratio of 5.5 gal. per bag, 
and sand content from 36 to 42 percent depending upon particle shape. Six 344 x 4% x 16-in. 
beams and three 6 x 6 x 30-in. beams were made for each combination from each batch. The 
limestone-coarse limestone-fine, and quartzite-coarse and quartzite-fine combinations were 
repeated. A total of 300 small beams and 150 large beams were made. Half the small beams 
were tested in the laboratory and half the small and all of the large beams were tested at 
Treat Island. Table 2 contains concrete data for the various batches. 


All specimens were fog-room cured at 73.4 + 2 F to 9-days age when the laboratory beams 
were tested dynamically and directly started in the accelerated freezing-and-thawing test. 
Beams destined for field exposure were removed from curing at 9 days and allowed to air 
dry in the laboratory until shipment to Treat Island in the fall of 1948. The field beams 


*Handbook for Concrete and Cement, Waterways Experiment Station, Corps of Engineers, U. S. Army, Vicksburg, 
iss, 
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TABLE 1—PHYSICAL DATA ON AGGREGATES 


| Specific Relative 

gravity compressive 

satu- | Absorp-| Loss | Los Thin strength of Reactivity 

rated tion, | 5 cycles| Angeles| and 2-in. mor- | NaOH with 
Material surface per- MgSO. | abrasion| elon- | tar cubes, color NaOH** 

dry*t cent*t | percentt| loss, gated, | percent test 

percent | percent - | ag 

3-day |7-day S-tt |Rett 


Coarse aggregates 
Limestone 
Granite 
River-terrace gravel 
Uncrushed chert gravel 
Crushed chert gravel 
Quartzite 


NNW hh 
INTO Ore 


Fine aggregates 
Limestone 
Granite 
Mississippi river sand 
River-terrace sand 
Natural quartz sand 
Cherty river sand 
Quartzite 
Crushed chert 


& 


_ 
DPOnwwOwwH Oo 


VN NwhMhwNw ty bh 
De Ot eS 


Footnote references refer to test methods contained in Handbook for Concrete and Cement, Waterways Experi- 
ment Station, Vicksburg, Miss., Aug. 1949. 

*CRD-C 107-51, ‘‘Method of Test for Specific Gravity and Absorption of Coarse Aggregate.” 

+tCRD-C 108-48, ‘‘Method of Test for Specific Gravity and Absorption of Fine Aggregate.” 

ICRD-C 115-49, ‘“‘Method of Test for Soundness of Aggregates by Use of Magnesium Sulfate.” 

CRD-C 119-48, “Method of Test for Flat and Elongated Particles in Coarse Aggregate.” 


oe 128-49 (c), ‘Method of Test for Reactivity of Aggregates with Sodium Hydroxide (Quick Chemical 
Method).” 


TTS is the concentration of silica in ml per liter after 24-hr digestion in 0.5N NaOH at 80 C. 
tIR- is the reduction in alkalinity in ml per liter as a result of the digestion. 


were one to three months old when installed on the exposure rack and all were installed at 
the same time. 


TEST RESULTS 


Weathering-test results for the whole series are summarized graphically in 
Fig. 2 and 3. Fig. 2 compares average values of the durability factors in 
percent of dynamic modulus at zero cycles (DFE) for all small beams, plotted 
at 1.45 xX 10° degree-cycles (213 laboratory, 456 Treat Island cycles). 
Position 1 on the graph indicates the aggregate combination where the labo- 
ratory exposure was most destructive and the Treat Island exposure least 
destructive relative to each other; for position 48 the reverse condition was 
true. Those positions near the middle of the graph indicate a region of direct 
correlation degree-cycle for degree-cycle between the two exposures. Fig. 3 
is similar to Fig. 2 except that the average DFE values for all small beams 
are plotted at 300 cycles of both laboratory (end of laboratory test) and 
Treat Island exposure. 


The tabulation which follows presents the average ratio, designated 
severity ratio, of the decrement in DFE between the laboratory and Trea 
Island at both 1.45 « 10° degree-cycles and at 300 cycles for each coarse ae 
fine aggregate. The severity ratio was computed as shown on p. 48, 
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TABLE 2—CONCRETE DATA* 


Sand 
ge ae 
| volume, 


| Cement | Coeff. of thermal] 
bags expansion x 108) Difference 
-| 


Rock Mortar 


Aggregate Air, 


percent 


Slump, | 
in. 


per 
Coarse cu yd 


(1) 


Limestonet 
Limestonet 
Limestone 
Limestone 
Limestone 
Limestone 
Limestone 
Limestone 
Limestone 


Granite 
Granite 
Granite 
Granite 
Granite 
Granite 
Granite 
Granite 


River-terrace gravel 
River-terrace gravel 
River-terrace gravel 
River-terrace gravel 
River-terrace gravel 
River-terrace gravel 
River-terrace gravel 
River-terrace gravel 


Uncrushed chert gravel 
Uncrushed chert gravel 
Uncrushed chert gravel | 
Uncrushed chert gravel | 
Uncrushed chert gravel 
Uncrushed chert gravel 
Uncrushed chert gravel 
Uncrushed chert gravel | 


Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 
Crushed chert gravel 


Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzitet 
Quartzitet 
Quartzite 


*All specimens made with Type II cement at water-cement ratio of 5.5 gal. per bag (0.49 by weight). 


tFirst set. 
tRepeat set. 


Severity ratio 


All combinations with 


coarse aggregates shown 


Be imestone 
Granite 
River-terrace gravel 


Uncrushed chert gravel 


Crushed chert gravel 
Quartzite 


Crushed limestone 


| Cherty river sand 


| Crushed limestone 
| Crushed granite 


| Crushed chert 


Crushed limestone 
| Crushed limestone 


Crushed granite 
Mississippi river sand 
River-terrace sand 
Natural quartz sand 
Cherty river sand 
Crushed quartzite 
Crushed chert 


Crushed limestone 


Crushed granite 


Mississippi river sand 
River-terrace sand 
Natural quartz sand 
Cherty river sand 


| Crushed quartzite 


Crushed chert 


Crushed limestone 


| Crushed granite 


Mississippi river sand 
River-terrace sand 
Natural quartz sand 


| Cherty river sand 


Crushed quartzite 


Crushed chert 


Crushed limestone 
Crushed granite 
Mississippi river sand 
River-terrace sand 
Natural quartz sand 
Cherty river sand 
Crushed quartzite 
Crushed chert 


Crushed granite 
Mississippi river sand 
River-terrace sand 
Natural quartz sand 


Crushed quartzite 
Crushed chert 
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2—Aggregate combinations arranged in order of difference in DFE between laboratory 
and Treat Island small beams at 1.45 10° degree-cycles* 
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Fig. 3—Aggregate combinations arranged in order of difference in DFE between laboratory 
and Treat Island small beams at 300 cycles* 


*Tabular data from which these graphs were plotted are available from ACI at cost of reproduction. 
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The tabulation shows that at comparable degree-cycles laboratory ex- 
posure was more severe than field exposure in two out of six cases when all 
concrete made with the same coarse aggregates are considered, and in two 
out of eight cases when all concrete made with the same fine aggregates are 
considered. When comparison is made on a cycle-for-cycle basis, the labo- 
ratory exposure was more severe for five of the six coarse aggregates and 
for all fine aggregates. Much could be said for evaluating all test results in 
this series on either the degree-cycle or the straight cycle-for-cycle; how- 
ever, the comparisons made in this section will be on a basis of equal cycles 
because of the pronounced tendency for one exposure condition (the labo- 
ratory test) to be more severe in nearly all cases than the other. 
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Fig. 4—Influence of coarse aggregate on DFE of concrete exposed to laboratory freezing and 
thawing and Treat Island weathering at 300 cycles 
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Fig. 4 shows the relative condition of all concrete specimens made with 
each coarse aggregate exposed to each type of freezing. It shows the crushed 
chert gravel to be the best coarse aggregate in both exposures. Crushed 
quartzite ranked third in the laboratory, but last in field tests of small beams 
and next to last in the field test of larger beams. Limestone coarse aggregate 
was poorest in laboratory tests, but was next to the best in field tests of small 
beams and third best in the large beams. Granite ranked second in laboratory 
and field tests of large beams and third in small beams. Uncrushed chert 
gravel ranked fourth in all tests and river-terrace gravel ranked fifth in small 
beams in the laboratory and field and sixth in large beams. 

Fig. 5 shows the relative condition of all concrete specimens made with 
each sand and shows that the effect of fine aggregate on concrete was less 
pronounced than the effect of coarse aggregate. The range in DFE for both 
fine and coarse aggregate combinations follows: 


Range in DFE at 300 cycles 
Small beams Large beams 


Laboratory Treat Island Treat Island 


Fine aggregate 15 21 20 
Coarse aggregate 41 4] 41 


There was little range in DFE between fine aggregate positions for labo- 
ratory-tested beams. Only 15 points separated position 1 from position 8. 


100 -— verse 








OF F. AND T 


TO 











OFE AT 300 CYCLES 


pRORSSSSSSSSSSSSSESSE SESS RSESESSSESSeSESESESESeeE ss! 


PSSST SESE ESSER SSE ESSE ESSESE SSeS SE ESS! 





Oooo 
















































































AAA AAA) 

















a i HI EE By ZA ail 
! 2 306C« 6 7 8 3 4a 5 6 a 
LABORATORY SMALL BEAMS ISLAND SMALL ISLAND LARGE BEAMS 





LEGEND 


Daoveganhs 


CRUSHED QUARTZITE GRANITE CHERTY RIVER LIMESTONE NATURAL MISSISSIPPI 
CHERT SAND SAND RIVER TERRACE SANO QUARTZ RIVER 
SAND SAND SAND SANO SAND 


Fig. 5—Influence of fine aggregate on DFE of concrete exposed to laboratory freezing and 
thawing and Treat Island weathering at 300 cycles 
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Fig. 6—Correlation between DFE 
of laboratory and Treat Island 
small beams at 300'cycles 
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Duplication of the test might easily reverse relative positions of any two 
adjacent sands; however, it would not be likely to reverse end positions, 
or end-center positions. 

A slightly greater range in DFE between best and poorest showings occurred 
with the field beams, though here only 21 points separated positions 1 and 
8 for the small field beams and 20 points for ‘the large field beams. 

Granite sand, which was last in the laboratory beams, was first in small 
field beams and third in the large field beams. Quartzite sand, which tested 
poorly in the laboratory, tested well in the field. Crushed chert sand did 
excellently in both laboratory and field. 

When the DFE at 300 cycles of the small beams made with each coarse 
aggregate tested in the laboratory and in the field were plotted, lack of sig- 
nificant correlation was apparent. The DFE at 300 cycles of the small beams 
made with each fine aggregate tested in the laboratory and at Treat Island 
were also plotted, and lack of significant correlation was evident here also. 

The data contained in Fig. 3 are plotted in Fig. 6 which shows no over-all 
correlation between the laboratory and field small beams. Fig. 7 indicates 
no over-all correlation between the small laboratory and large field beams; 
however, Fig. 8 shows good correlation between the small and large field 
beams. 

Except for limestone-coarse-aggregate concrete, where the average DFE 
of large beams was slightly lower than that of small field beams, the DFE 
was higher for large beams than for the small beams at Treat Island. This 
condition would be expected because of the relative mass of the two beam 
sizes. 


EXAMINATION OF SPECIMENS AFTER EXPOSURE AT TREAT ISLAND 


Specimens tested in the laboratory received 300 cycles of accelerated 
freezing and thawing, which is equal to 2.52 x 10° degree-cycles. Field 
specimens received 456 cycles of natural freezing and thawing, which amounted 
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to 1.45 xX 10° degree-cycles. In the analyses in the preceding section the 
condition of the specimens in the two exposures was compared at 1.45 x 10° 
degree-cycles (or 213 laboratory and 456 Treat Island cycles) and at 300 
cycles in each exposure. The comparisons to follow, based on observations 
of the specimens after exposure, are of necessity based on the condition of 
laboratory specimens after 300 cycles of laboratory freezing and thawing 
and on the condition of field specimens after 456 cycles of natural freezing 


and thawing, since these were the only stages in the two exposures at which 
specimens were available for examination. 

In the summer of 1952, 41 small beams representing 38 of the 48 aggregate 
combinations, which had been exposed for four years, were returned to the 
laboratory from Treat Island and examined in detail. 
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The differences between test results on small beams obtained in the labo- 
ratory and field (Tables A-1 and A-2) suggested a series of questions. At the 
end of the test in the two exposures, why did 

(a) Limestone, as fine aggregate, rank second in the laboratory, eighth in the field, 
and as coarse aggregate, sixth in the laboratory and second in the field? 

(b) Quartzite, as fine aggregate, rank seventh in the laboratory and second in the 
field, and as coarse aggregate, third in the laboratory and sixth in the field? 

(c) Granite, as fine aggregate, rank eighth in the laboratory and first in the field, 
and as coarse aggregate, second in the laboratory, with the shortest range in results, 
and third in the field, with the longest range in results? (see Table A-2). 

(d) Crushed chert, as fine aggregate, rank first in the laboratory and third in the 
field, and as a coarse aggregate, first in both laboratory and field? 

(e) Uncrushed chert gravel and river-terrace gravel maintain positions of fourth 
and fifth, respectively, in both laboratory and field, but with the uncrushed chert 
gravel increasing in DFE and the river-terrace gravel decreasing in DFE from 
laboratory to field? 

The answers to these questions, based on examination of the beams and 
consideration of properties of the aggregates that are regarded as relevant, 
are summarized here, and observations and comparisons are given in detail 
in the appendix. Answers are hypothetical and subject to correction, but 
correct explanations of the differences in test results in the two exposures 
must depend on understanding the effects of different physical and chemical 
circumstances in each exposure on each aggregate and on each of the 48 
combinations. 

The difference in behavior of limestone fine aggregate in the laboratory and 
at Treat Island apperently resulted from the different swelling characteristics 
of the montmorillonite clay in the limestone in the two exposures. Lime- 
stone sand swelled as much as 2.8 percent of its own volume more in synthetic 
sea water than it did in lime water. The improved performance of limestone 
coarse aggregate at Treat Island is believed due to the development of alkali- 
aggregate reaction between the chalcedonic chert in the limestone and the 
cement (and possibly added sodium ion in sea water), which improved the 
bond to mortar (Fig. 9). Slight increased swelling of limestone coarse aggre- 
gate at Treat Island may also have improved the bond. Cracking in some of 
the aggregate is similar to cracking in concrete which has been damaged 
by alkali reaction, and it seems likely that longer exposure at Treat Island 
would lower the rank of limestone coarse aggregate. 

The characteristic peculiarity of beams containing quartzite coarse aggre- 
gate after 456 cycles at Treat Island was a virtual absence of bond all around 
the coarse aggregate. Some of the laboratory beams with quartzite coarse 
aggregate showed a similar condition to a lesser extent. The lower rank of 
quartzite coarse aggregate at Treat Island is believed to be due to the greater 
number of heating-and-cooling and freezing-and-thawing cycles at Treat 
Island, acting on the aggregate with the highest diffusivity, highest thermal 
coefficient, and highest modulus of elasticity of the coarse aggregates tested. 

High diffusivity of the quartzite, compared to mortars and all other coarse 
aggregates, permitted its thermal expansion and contraction to get out of 
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Fig. 9—Beam containing lime- 
stone coarse and fine aggregate 
with DFE = 101 at 300 cycles. 
At approximately 3X, it is seen 
that the dark shaly, cherty piece 
of aggregate in the upper center 
and the pale piece of chert below 
it have darkened rims surrounded 
by pale borders in the paste 


phase with that of the matrix, subjecting the bond to tensile stress during 
cooling and compressive stress during heating. Since the quartzite has a high 
modulus of elasticity it would not yield as the granite would, and all read- 
justment would have to take place in mortar surrounding the coarse aggre- 
gate, which might thus have been disrupted. Such a mechanism accounts 
for observations that the kind of distress shown by quartzite beams at Treat 
Island is of the same kind shown by laboratory beams, but greater in amount. 

Granite performed well as coarse aggregate because it had rough surfaces, 
diffusivity not too different from the mortars, and elastic modulus low enough 
so that it could participate in readjustment to stresses set up by its differences 
in thermal expansion with the mortars. 

Crushed chert was uniformly good in both exposures because it acted like 
a pozzolan and developed extraordinarily strong chemical bond with the 
mortar. Operation of the same mechanism in the laboratory is strongly 
suggested by the high ranking and consistent performance of crushed chert 
coarse and fine aggregate in the laboratory. Uncrushed chert gravel contained 
both more chert and more porous chert and sandstone than crushed chert 
gravel. Uncrushed chert gravel developed some improvement of bond by 
alkali reaction at Treat Island, but physical disruption by failures of porous 
limestone and clay-ironstone and restriction of alkali reaction to localized 
volumes combined to decrease performance of the river-terrace gravel. 

It is suggested that no real differences among the fine aggregates were 
demonstrated in the laboratory. If the differences are significant, and the 
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great improvement in rank of quartzite and granite as fine aggregates at 
Treat Island is real, the major difference may be either that (1) all coarse 
aggregates except granite and quartzite developed some alkali reaction at 
Treat Island, and the additional spotty alkali reaction possible from all of 
the natural sands was more than the usual slight amount; (2) the longer 
exposure at Treat Island with the added heating and cooling cycles brought 
out the difference in original mechanical bond between crushed fine aggregates 
and natural fine aggregates; or (3) both factors acted. 


These hypothetical explanations are based on examination of the beams, 
consideration of the lithologic composition, and available data on mechanical 
and thermal properties of the aggregates, and comparisons with other con- 
eretes. All of the hypotheses should be verified or refuted by experiment. 
No adequate explanations can be made without information on several 
properties of the aggregates and mortars; the properties on which information 
is needed include modulus of elasticity, thermal diffusivity, conductivity, 
expansion, chemical activity, and differences in actual surface area and 
activity of the surface between granite, quartzite, and chert. Available 
data on modulus of elasticity and thermal diffusivity are given in Tables 
A-4 and A-5. 


Minor amounts of calcium sulfoaluminate, gypsum, spherulitic calcium 
carbonate, and fine-grained calcium carbonate were found growing on sur- 
faces and in cracks and voids. The most abundant reaction product was a 


white fibrous crust-forming material (Fig. 10) not yet conclusively identified. 
It grew in all of the beams, principally on surfaces and in cracks near the 
surfaces. It is believed to be a product of the reaction between cracked and 
consequently permeable cement paste and sea water, and is regarded as a 
secondary consequence of deterioration rather than a principal cause. 


Fig. 10 — Beam _ containing 
crushed chert coarse and limestone 
fine aggregate, showing an area 
about 1 in. from one end at 
around 5 X. The shining tapioca- 
like crusts A and B are the uniden- 
tified product of reaction be- 
tween sea-water and cement 


paste 
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Fig. 11—Relation of DFE (obtained from accelerated laboratory freezing and thawing tests) 
and A C for 48 concrete combinations 


RELATION BETWEEN A C AND RESISTANCE TO FREEZING AND THAWING 


Callan* attempted to show that a correlation exists between difference in 
thermal coefficient of expansion of coarse aggregate and mortar of concrete 
(A C) and resistance to freezing and thawing. Fig. 11 and 12 are taken from 
Callan’s closure to the discussion of his ACI JourNAL paper.t Fig. 11 indi- 
cates a low negative correlation, — 0.312, between DFE and AC. When the 
DFE values are adjusted to minimize the effect on DFE due to inherent 
differences in the aggregates, such as particle shape and texture then the data 
line up well and a high negative correlation, — 0.847, is seen to exist between 
difference in thermal coefficient and DFE (Fig. 12). 
~ *Callan, E. J., ‘‘Thermal Expansion of Aggregates and Concrete Durability,’’ ACI Journat, Feb. 1952, Proc. 
V. 48, p. 485. 


+Discussion of “Thermal Expansion of Aggregates and Concrete Durability,’’ ACI Journat, Part 2, Dec. 1952, 
Proc, V. 48, p. 504-1, 











JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1953 








-_* 


Be 


5 





a 
XL § 


Vv 





DFE, (ADJUSTED) 














DFE, = 66.33 - 6.97 AC 
r = 0.847 
COARSE AGGREGATE 


& LIMESTONE O NON- CHERT GRAVEL 

© GRANITE §¥ UNCRUSHED CHERT 
| QUARTZITE [J CRUSHED CHERT 

0] 


| | L 
-4 -2 fe) 2 


Ac 


























Fig. 12—Relation of adjusted DFE, (adjusted from freezing and thawing test results, for variation 
in aggregate quality) and A C for 48 concrete combinations 


Callan’s adjustment was made by averaging DFE values for all combinations 
with each sand and all combinations with each coarse aggregate, then ranking 
each sand from one to eight in order of decreasing DFE and each coarse 
aggregate from one to six in like manner. The average A C for each of the 
six concrete combinations containing each sand and the eight combinations 
containing each coarse aggregate was determined. The average values for 
AC were then ranked in increasing order from one to six and from one to 
eight, respectively. Average DFE values for each sand and for each coarse 
aggregate were then plotted on separate graphs against average A C. Two 
points, where order of DFE corresponded to order of AC were connected by 
a straight line and all other points were adjusted to this line. Adjustment 
for any particular combination of aggregates was made by adding the ad- 
justment for the sand used to the adjustment for the coarse aggregate used 
in that combination. 
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Fig. 13 and 14 show the DFE at 456 cycles (total number when specimens 
were examined) for the small beams exposed at Treat Island plotted against 
difference in coefficient of expansion of coarse aggregate and mortar. Fig. 13 
shows the DFE actually obtained in the field and a reverse positive corre- 
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lation, + 0.333, of little significance is indicated. Fig. 14 contains the same 
data after an adjustment has been made to minimize other variables than 
differences in coefficients of expansion and shows a high negative correlation, 
— 0.838, of decreasing durability with increasing difference in coefficient of 
expansion. 

Fig. 15 and 16 are similar to Fig. 13 and 14 except that they present data 
on the larger beams before and after adjustment. Fig. 15 shows a positive 
correlation of low degree, + 0.302, between DFE and difference in coefficient 
of expansion. Fig. 16, after adjustment, shows a negative correlation of 
— 0.860. It should be noted for both large and small beams that other 
characteristics of aggregates and concretes were of sufficient magnitude to 
completely reverse the apparent correlation between DFE and difference in 
coefficient of expansion for the 48 aggregate combinations in this series. 
It would appear from these data that there is a correlation between DFE 
and AC, but that the correlation is probably usually of lesser importance 
than other characteristics of the concrete. It would also appear that each 
aggregate combination should be evaluated through tests made on concrete 
containing that combination and no combination should be given a clean 
bill of health or condemned because of any specific value for A C. 

Exposure at Treat Island of specimens not already destroyed by weathering 
and laboratory examination continues and revaluation of the whole picture 
at a future date may be made if subsequent developments warrant. 


SUMMARY 
The attempt to correlate accelerated laboratory freezing and thawing 
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with natural exposure at Treat Island by comparing test results on 48 combi- 
nations of aggregate made into concrete with the same water-cement ratio, 
air content, and consistency, showed that each aggregate combination be- 
haves in an individual manner in each exposure. The two exposures are 
different in manner and tend to accentuate different physical and chemical 
characteristics of the materials, thereby leading to dissimilar results. If 
prediction of behavior in one exposure from behavior in the other is to be 
made, all the differences in materials and exposures must be taken into account. 


Comparing the two exposures on a cycle-for-cycle basis: 

1. The laboratory test ranged from 0.8 to 39.9 times as severe considering the 
concretes made with each coarse aggregate, and 1.1 to 4.0 times as severe considering 
the concretes made with each fine aggregate, as indicated by the severity ratios. 

2. Coarse aggregate had more effect on the performance of concrete than fine 
aggregate. 

3. Little correlation between AC and durability factor was found in the raw data 
from these tests (Fig. 13 and 15), because other properties of the aggregates exerted 
more important influences. If an adjustment is made to compensate for the influence 
of those other factors, there is a negative correlation between AC and durability in 
the Treat Island exposure (Fig. 14 and 16). 

4. In general, durability increased with specimen size. 
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APPENDIX—EXAMINATION OF CONCRETE BEAMS 


Samples of all aggregates, all specimens tested in the laboratory, and 41 of the specimens 
exposed at Treat Island were examined macroscopically and, as indicated, microscopically. 
Results of the examination of specimens, together with certain related discussion that is 
regarded as pertinent to the interpretation of conclusions derived from these results, are 
given in this appendix. 

Standard procedure for laboratory freezing and thawing beams made to test aggregates 
consists of careful macroscopic inspection and examination with the stereoscopic microscope 
of outer surfaces and sometimes of broken or sawed surfaces. In August, 1952, 41 of the 
314 x 414 x 16-in. beams exposed at Treat Island from the fall of 1948 through the summer of 
1952 were returned to the laboratory for examination to obtain information that might explain 
the differences in behavior which produced the differences between test results in the two 
exposures. f 

All 41 beams were examined macroscopically and using the stereoscopic microscope. 
Twenty-one beams, selected to include a wide range in durability factors, were sliced about 
4 in. from one end. The slices were ground and a rough determination of air content made 
to see whether it was probable that important differences in air content between beams 
existed. While the results were not regarded as more than indications, they agreed with the 
expectation that no great differences in air content would be found. The average air content 
of seven granite beams was 8.1 percent, that of five quartzite beams, 7.0 percent, and that of 
nine limestone beams, 8.4 percent. 

Thin sections from ten beams were prepared and examined. Secondary products detected 
on and in the concrete were picked off with dissecting tools and either examined in immersion 
media or tested chemically. 


DIFFERENCES BETWEEN LABORATORY AND TREAT ISLAND EXPOSURES 


The major recognized differences between the two exposures that might be expected to 
affect the test results and the condition of the concrete were: 

(a) Age at beginning and end of test, duration, number of cycles—Laboratory specimens 
entered test at nine days and completed 300 cycles as a maximum before they were 
two months old; field specimens entered test at ages of one to three months, were 
removed at about 15 months, endured 456 freezing-and-thawing and a much larger 
number of wetting-and-drying cycles. 

(b) Continuous immersion in a small volume of fresh water in the laboratory versus 
alternating immersion in sea water and drying in air at Treat Island—In 300 cycles the 
laboratory specimens were exposed to a total of about 15 liters of water in a maximum 
of 15 or 16 changes using about | liter per change. Treat Island specimens were exposed 
during immersion to unlimited quantities of sea water. Laboratory tap-water is mildly 
alkaline; each change probably reaches saturation with Ca(OH). and available soluble 
materials in the can lining, mortar, and aggregate. The dissolved ions in Atlantic Ocean 
water are, on the average:* 








Ion Grams per liter 
Na 9.95 

K 0.33 

Mg 1.50 

Ca 0.4 

Cl 17.83 

Br 0.06 
SOx 2.54 


Total 32.62 


(c) Kind of cycle—There are 12 cycles a day in the laboratory, each going from 0 to 
42 and 42 to 0 F in 2 hr, and two cycles a day at Treat Island, varying in minimum 


*Lea, F. M., and Desch, C. H., The Chemistry of Cement and Concrete, 1935, p. 364. 
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and maximum temperature, and in amount and direction of thermal shock. In freezing 
weather, the immersion phase of the cycle is warmer, but in non-freezing weather, it is 
cooler. Sometimes specimens are thawed and wetted, then frozen and partially dried; 
sometimes they are cooled and wetted, then warmed and partially dried. 

(d) Degree of saturation—Presumably neither exposure produces complete satu- 
ration in all of the specimens or all would fail rapidly. The moisture content of 
laboratory specimens is probably more uniform and the range at Treat Island probably 
quite large. 

(e) Extraneous materials—The Treat Island specimens get overgrown with seaweed, 
barnacles, possibly some mussels, and are cleaned off annually. The beams returned 
were found to have a coating of micaceous silt. 

(f) Summary—The greatest differences appear to be in time, in the opportunity 
for curing and healing at Treat Island but not in the laboratory, the much greater 
opportunity for movement of solutions in Treat Island concrete, the different compo- 
sitions of the water in the two exposures and higher concentration of dissolved materials 
at Treat Island, the change from freezing-and-thawing exposure to wetting-and-partial 
drying exposure at Treat Island but not in the laboratory, and the greater number of 
thermal reversals of varying kinds at Treat Island. 


Condition of beams 

All comparisons between condition of small beams returned from Treat Island and small 
beams tested in the laboratory freezer are comparisons made at the end of the test because 
that was the only stage at which the specimens were available for examination. Laboratory 
beams were examined after they were removed from test, either after 300 cycles or after the 
number of cycles which resulted in a relative modulus of elasticity of 50 percent or less 
Treat Island beams were examined after 456 cycles of freezing and thawing and approxi- 
mately 45 months of exposure. Comparisons of test results reported in Tables A-1 and 
A-2 were made on the same basis, and show DFE at 300 cycles of laboratory specimens and 
DFE at 456 Treat Island cycles or 1.45 X 10° degree-cycles of Treat Island specimens. 

The field beams as a group showed less loss of mortar and less uniform loss of mortar than 
corresponding specimens tested in the laboratory freezer. Beams tested in the laboratory 


TABLE A-1—AVERAGES, RANGES, AND RANKS IN DFE's OF TREAT ISLAND 
AND LABORATORY SMALL BEAMS AT END OF TEST 


Fine aggregates 


Treat Island Laboratory 
DFE at 1.45 X 10® degree-cycles DFE at 300 cycles 


_ 
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Granite 

Quartzite 

Crushed chert 
Natural quartz sand 
River terrace 
Mississippi river 
Cherty river sand 
Limestone 
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Coarse aggregates 
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Crushed chert 
Limestone 
Granite 
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River terrace 
Quartzite 
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TABLE A-2—DFE's AT END OF TEST AND RANKS OF SMALL BEAMS FROZEN 
IN TH; LABORATORY AND AT TREAT ISLAND 
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River- 
Fine aggregate Crushed | Limestone | Granite | Uncrushed | terrace | Quartzite by fine Rank 
chert chert gravel aggregates | 
Granite oa. . 71s 6 | 64 8 | 45 5| 46 5] 59 8 | 52 8 
uartzite 66 7 | 34 4 | 80 1 | 48 4/35 8 | 39, 60 9,7 | 52 7 
rushed chert 89 «1 '| 56 1/75 4| 56 3|62 1 | 63 5 | 67 1 
Natural quartz sand 78 4 | 23 9 | 78 3 | 64 2/49 41] 85 1 | 63 a. 
River-terrace sand 77 5 | 33 5 | 68 6 | 45 5 | 62 1 | 75 3 | 60 4 
Mississippi river sand | 71 6 | 28 7 | 66 7 | 39 8 | 38 7 | 82 2 | 54 6 
Cherty river sand 80 3 | 28 7 | 72 5 | 41 7| 56 31 70 4| 58 } 
Limestone 88 2 | 42,50 2,3 | 80 1 | 74 1|46 5/} 61 6 | 63 2 
erence ETE Rs eee Miners * A a tee aes eis tad |— ist, Th 
Avg and rank by } | 
coarse aggregates 77 1 36 6 73 2} 52 4 49 5 66 3 
Ave 
DFE at 1.45 X 10° degree-cycles and rank of beam sets frozen at Treat Island by fine Rank 
jaggregates 
Granite 102 4 | 99 1 | 116 1 | 78 2 | 47 2 | 42 3] 81 1 
Quartzite 97 6 90 2) 115 2} 93 1 48 1 34,82 4,1 | 80 2 
Crushed chert 103 2 | 87 4 | 95 3 | 62 3 | 43 3 | 50 2) 73 3 
Natural quartz sand 100 5 | 90 2 | 62 5 | 62 3|43 3] 30 5 | 65 ie 
River-terrace sand 104 1 | 66 8 | 66 4 | 53 71|3 7)28 6 | 58 5 
Mississippi river sand | 103 2 | 65 9/47 7] 55 5|36 5| 27 7 | 56 6 
Cherty river sand 99 6 | 75 6 | 57 6 | 55 5| 36 5/15 9 | 56 7 
Limestone | 85 8 | 69,82 7,5 | 38 8 | 30 8/19 8] 25 8 | 5 8 
Avg and rank by 
coarse aggregates 99 1 80 2 75 3 | 58 4/38 5| 37 6 | 








freezer commonly lose more mortar from the top as cast and the adjoining upper parts of 
the two major vertical faces, and this preferential attack usually makes it possible to recog- 
nize the top of the beam. The 41 Treat Island beams included several whose top could not 
be recognized. The greatest loss of mortar had taken place either on the top or on the bottom, 
and on one of the adjoining sides, while the other faces appeared to have been relatively 
protected, suggesting that the beams were not all exposed in the same orientation. 
Grouping the beams by coarse aggregates, those containing crushed chert, limestone, and 
granite had lost less mortar than the others. Greatest loss of mortar and the most cracks 
visible to the naked eye were found in beams containing river-terrace gravel; uncrushed 
chert gravel beams had lost less mortar and were not visibly cracked. Quartzite beams 
showed loss of mortar comparable to crushed chert, limestone, and granite, but practically 
all were drummy and fragile. Judging by condition of the beams, as well as by the average 
DFE’s and range of DFE’s for groups classified by coarse and by fine aggregate (Table A-1), 
the influence of coarse aggregate on durability was much greater than that of fine aggregate 
at Treat Island as well as in the laboratory. The four natural sands (natural quartz, 
Mississippi river, river-terrace, and cherty river showed approximately the same physical 
behavior and had approximately the same effects on durability of concrete in both exposures. 
The averages and ranges for the eight fine aggregates (Table A-1) and comparisons of the 
beams suggest that it is possible that no statistically significant differences in durability 
between fine aggregates were developed in the laboratory, and that the only significant 
results were the reversals in rank between the two exposures from very high to very low, 
and the consistently high rank and relatively shorter range of crushed chert fine aggregate. 


AGGREGATES USED AND THEIR BEHAVIOR 


One striking anomaly in the test results (Tables A-1 and A-2) was the reversal in rank 
of limestone between the two exposures. As a coarse aggregate, it ranked sixth in the labo- 
ratory and second in the field; as a fine aggregate, it ranked second in the laboratory and 
eighth in the field. What combination of factors could produce these results? 
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Fine aggregate—The rank of limestone fine aggregate was low in all combinations tested 
in small beams at Treat Island; its rank was high in the laboratory with all coarse aggregates 
except river-terrace gravel and quartzite (Table A-2). This limestone contained about 4 
percent of a swelling montmorillonitic clay, which was more accessible to water as fine than 
as coarse aggregate, because of the larger surface area of fine aggregate. Some swelling clays 
change in swelling characteristics depending on the electrolytes present. Sea water at Treat 
Island contained different ions than laboratory tap water. To determine whether the difference 
could affect the fine aggregate, three samples of limestone sand were immersed in three flasks 
containing tap water, tap water saturated with calcium hydroxide, and synthetic sea water, 
respectively. The increase in volume of sand in synthetic sea water over that in tap water was 
1.35 cu cm or 2.3 percent of the original total dry volume; the increase over the sand in satu- 
rated calcium hydroxide solution averaged 1.65 cu cm or 2.8 percent of the original total dry 
volume. These results suggest that the limestone fine aggregate in beams at Treat Island 
tended to swell as compared with limestone fine aggregate in the laboratory beams. 

Coarse aggregate—Sawed surfaces of the nine beams containing limestone coarse aggregate 
showed close contact of mortar and coarse aggregate at the interfaces. Slices were prepared 
from these beams for micrometric determination of air content; each slice and four of the 
six thin sections of beams from this group showed evidence of alkali-aggregate reaction between 
cement paste and the chalcedonic chert in the aggregate (Fig. 9 and A-1) as rims around 
aggregate and in the adjoining paste, and as areas of carbonated gel reaction product. All 
beams were in mediocre to good condition with strong close bond between coarse aggregate 
and mortar, particularly around many of the coarse aggregate pieces with reaction rims. 

Structure of limestone concretes—Slices of beams containing limestone coarse aggregate 
were found to have slightly higher average air content than slices of beams containing granite, 
although the difference is not believed to be significant. Air voids in the limestone beams 
appeared to have smaller mean and maximum size than those in the granite beams. This 
situation has been found in other concretes in which concretes with limestone aggregates 
consistently had entrained air voids of smaller mean and maximum size than comparable 
concretes made with siliceous aggregates, and in which there appeared to be a positive cor- 
relation between increased amounts of limestone dust finer than No. 200 sieve and smaller 
air voids. Air voids in the limestone beams tended to form strings and sheets along mortar- 
coarse aggregate interfaces more than the air voids in the granite and quartzite beams. The 
decrease in size and change in size distribution of air voids should have been more pronounced 
in beams containing limestone fine aggregate, but not enough such beams were returned to 
permit confirming this assumption. 


Hypotheses to explain behavior of limestone 

Limestone fine aggregate ranked fairly high in the laboratory because minute particles of 
limestone finer than No. 200 produced characteristic entrained air voids of small mean and 
maximum size, which gave the beams superior frost resistance compared to beams made 
with siliceous fine aggregates containing similar air content in larger voids. Powers’ cal- 
culations* indicate that smaller air voids should be more effective in increasing frost resistance 
than the same air content in larger voids. As an additional factor, differences in thermal 
coefficient between limestone mortars and coarse aggregates averaged next to lowest in the 
group (Table A-3). Limestone fine aggregate ranked low at Treat Island because it swelled 
in sea water, adding another kind of volume change to that of freezing and thawing. The 
swelling was more important than size distribution of air voids and the small difference in 
thermal coefficient between coarse aggregate and mortar. 

Limestone was a relatively poor coarse aggregate in the laboratory because it had fairly 
high absorption in the group (Table 1) and finer pore structure than the others which had 
significant absorption, so that some pieces drew water from the mortar and achieved an 
undesirable state of saturation. It also had the highest mean difference in thermal coefficient 
from the mortars of any of the group. Limestone was a relatively good coarse aggregate 


*Powers, T. C., “The Air Requirements of Frost-Resistant Concrete’’ Proceedings, Highway Research Board, 
V. 29, 1949; Bulletin 33, Portland Cement Assn. Research Laboratory. 
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Fig. A-1—Beam containing lime- 
stone coarse and fine aggregate 
with DFE = 69 at 1.45 xX 10° 
degree-cycles. A, B, and C are 
limestone coarse aggregate 
particles with reaction rims and 
alteration of the adjoining paste 
at approximately %4 < 





in the field because increased swelling of the clay and time (and additional sodium ion) to 
develop alkali reaction outweighed differences in thermal expansion and fine pore structure. 
Both additional swelling and alkali reaction improved bond. Development of internal 
cracking in some of the coarse aggregate—cracking of a type common in concretes known 
to have been damaged by alkali-aggregate reaction*—suggests that after longer exposure 
at Treat Island the limestone coarse aggregate might not rank as high as it does now. 
Quartzite 

Quartzite was probably more nearly chemically inert than any of the other aggregates 
except granite. Its internal bond was good, it had rough surfaces, and was minera- 
logically and structurally the most homogeneous of the aggregates. Its elastic modulus was 
higher than that of crushed chert and much higher than that of granite (Table A-4). The 
average difference in thermal coefficient between quartzite as coarse aggregate and the eight 
mortars with which it was combined was lower than the average difference between any of 
the other coarse aggregates and the mortars (Table A-3). However, quartzite ranked lower 
in both exposures than granite (which had the greatest average difference in thermal coefficient 
with the mortars) and had the lowest rank at Treat Island of the coarse aggregates. 

The five Treat Island quartzite beams had DFE’s below 50, except one. That beam had 
lost little mortar and was in good condition; the others had lost mortar from one side or one 
side and the bottom, or all edges. Two had narrow filled cracks on the surfaces which had 
not lost mortar. All except one were fragile, tended to crack in sawing, and were sliced thicker 
than the others as a result. The cracks in slices ran from the outer surfaces of the beams 
along mortar-coarse aggregate boundaries, across mortar to the next nearest: mortar-coarse 
aggregate boundary and along it and so on. Cracks were conspicious at 9X and often visible 
to the naked eye. The mortar bordering coarse aggregate was soft; the surfaces of coarse 


*Mather, B., ‘Cracking of Concrete in the Tuscaloosa Lock,” Proceedings, Highway Research Board, V, 31, 
1952, pp. 228-229, 
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TABLE A-3—MEAN DIFFERENCES IN COEFFICIENT OF THERMAL EXPANSION 
BETWEEN MORTARS AND COARSE AGGREGATES 


Rank 
Mean 
ac Laboratory Treat Island 
Coarse aggregate 

Quartzite 0.9 3 6 
Crushed chert 1.0 l 1 
Uncrushed chert 1.0 4 4 
River terrace 1.9 5 5 
Granite 3.95 2 3 
Limestone 4.0 6 2 


Fine aggregate 


Granite 1.4 6 1 
Limestone 1.5 2 7 
Mississippi river 1.7 5 6 
River terrace 1.8 3 5 
Natural quartz 2.5 2 4 
Crushed chert 3.7 1 3 
Quartzite 2.8 7 2 
Cherty river sand 2.85 4 6 


aggregate sometimes appeared to have been crushed or bruised after the aggregate was placed 
in concrete. Comparing the quartzite beams witb the granite, it was found that bond to 
coarse aggregate was poorer in the quartzite ones, although it appeared likely that since 
the surfaces of both aggregates were comparably rough the original mechanical bond where 
it existed should have been similar. The quartzite was the crushed coarse aggregate with 
the most thin pieces; possibly a lower proportion of the quartzite than the granite surface 
developed original mechanical bond. The openings between coarse aggregate and mortar 
as observed from saw cuts on the beams were wider in quartzite than in granite, and much 
wider than in crushed chert, and limestone, where there were no perceptible openings. 

Like almost all other beams, the quartzite beams had small amounts of calcium sulfo- 
aluminate growing in voids near the outer surfaces. In all of the beams examined, there 
were only a few small voids filled with sulfoaluminate; crystals were small and void linings 
thin. Practically no sulfoaluminate was found growing in aggregate sockets or on aggregate 
surfaces: it appeared to be confined to the outer 4% in. of concrete. 

Two of the quartzite beams had abundant and heavy coatings and layers of translucent 
to white crystalline material which was found in deteriorated parts of all of the beams (Fig. 
10 and A-2). The growth was generally confined to outer parts of the concrete; where it was 
found more than '% in. inside, a connecting crack leading to the surface could almost always 
be seen. The excessive weakness in bond and cracking in the quartzite beams cannot be 
blamed on the deposit since it occurred in all beams, and was confined to the outer \% in. 
in those in good condition and appeared to penetrate toward the center only in thoroughly 


TABLE A-4—STATIC MODULUS OF ELASTICITY OF COARSE AGGREGATES 


Aggregate Modulus of elasticity, psi 

Quartzite* 13 X 106 
Granite* 2.7 X 106 
“Gray limestone’’* 6.5 &* 106 
Crystalline quartz, parallel axist 14.9 X 106 
Crystalline quartz, normal to axist 11.4 X 106 

Average of directions in quartz 13.2 x 106 
Agatet : 9.1 X 106 
Gray translucent flintt 10.8 X 106 

Average 10.0 & 106 


*Laboratory determinations in the range 0-1000 psi. The gray limestone is not the one used in this program. 

+Data from Sosman, The Properties of Silica, 1927, p. 464, 468. Data on crystalline quartz from Perrier and 
Mandorot; agate from Mallock; gray flint from Drude and Voigt; all converted from megabaryes (10° dynes 
per sq cm) to psi. 1 megabarye = 14,500 psi, 


— = 0 tag ane 
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TABLE A-5—THERMAL DIFFUSIVITIES OF AGGREGATES 








| 
| 
} 


Aggregate Diffusivity, sq ft per hr 
uartz* een: os 0.125 
ranite* 0.047 
Mortar containing a natural quartz 
sand with some granite* 0.032 
Quartzitet 0.12 
Mass concrete containing granitet 0.048 
Mass concrete containing chert gravelt 0.073 





*Weiner, A., “A Study of the Influence of Thermal Properties on the Durability of Concrete,”” ACI Journat, 

May 1947, Proc. V. 43, p. 997; data from p. 1005. The materials tested were not used in this program. 
qhakebehery determinations of the quartzite used in this program, and of mass concretes containing the chert 

gravel used to produce the crushed and uncrushed chert of this program, and the granite of this program. 


deteriorated and cracked concrete with poor bond between mortar and coarse aggregate 
(for example, beams with river-terrace gravel, and some with uncrushed chert and quartzite). 


Thus it appeared that there was no recognizable evidence of chemical interaction between 
the quartzite, cement, and sea water; while chemical reactions did form minor sulfoaluminate, 
a small amount of gypsum, and abundant deposits of white crystalline material in the quart- 
zite beams, the same reactions took place in all of the others, and at least as freely in beams 
containing river-terrace gravel. 


Thermal diffusivity was one property in which quartzite differed from all other coarse 
aggregates (Table A-5); quartzite also had the highest coefficient of thermal expansion of 
any of the coarse aggregates (Table 2). In the absence of more experimental data these 
two properties offer a basis for a hypothesis to explain the deterioration of the concrete with 
quartzite coarse aggregate. * 


1. Depending on thermal gradient and size and shape of the particle, quartzite 
coarse aggregate would change in temperature more quickly than the surrounding 
mortar. On cooling, a given piece would be cooled and contracted more quickly than 
the surrounding mortar and thus tend to pull away from it even though the difference 
in thermal coefficient was small. On heating, the piece would change temperature more 
rapidly and thus expand more rapidly than the surrounding mortar. Though the 
difference in thermal expansion and contraction between quartzite and the mortars 
was small, if the difference in rate of temperature change were considerable, the ag- 
gregate and mortar would always be out of phase during a temperature change, and 
thus the effect of the difference would be increased. Since the modulus of elasticity 
of quartzite was high, it would not yield and all readjustment would be confined to the 
mortar. Bond would be damaged all around each piece of coarse aggregate. This agrees 
with the condition of beams from the field and with the condition of some from the 
laboratory. 


2. The extra disadvantage to the quartzite at Treat Island as compared with 
the laboratory freezer may be because it was chemically inert (granite, the other 
inert coarse aggregate, also declined in rank from laboratory to field). It appears that 
the performance of limestone at Treat Island was improved because it had time to 
develop alkali reaction and increase bond strength; swelling of the coarse aggregate 
may also have helped the limestone coarse aggregate. The time to develop alkali 
reaction seems to have been important in the improved performance of crushed chert 
at Treat Island, and probably explains the higher DFE’s at Treat Island of some 
uncrushed chert combinations. 

3. Another factor which may have damaged the quartzite at Treat Island was the 
greater number of heating and cooling cycles added to the freezing and thawing cycles. 
The phase difference between aggregate and mortar postulated above would operate 


*This hypothesis was modified from one presented by A. Weiner, “A Study of the Influence of Thermal 
Properties on the Durability of Concrete,” ACI Journat, Dec. 1947, Proc. V. 43, p. 1005, 
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during any change in temperature, and 45 months’ exposure at Treat Island provides 
many more thermal reversals of varying kind than the 300 maximum in the laboratory. 
4. The effect of differences in moisture content of mortar at Treat Island combined 
with the change in direction of the Treat Island cycle from higher-temperature wet 
lower-temperature dry in winter to lower-temperature wet—higher temperature dry* 
in summer is not known; neither is the effect of the more active leaching expected. 


Hypotheses to explain behavior of quartzite 

Quartzite, with higher diffusivity than any of the other coarse aggregates, tended to com- 
plete its expansion or contraction in each phase of each temperature cycle faster than the 
surrounding mortar, subjecting the mortar to compressive stress during temperature rise 
and tensile stress during temperature fall. Thus it was inferior in the laboratory and at Treat 
Island to the granite, which is also relatively chemically inert but had better particle shape 
and therefore mechanical bond over a greater proportion of the original surface, lower diffu- 
sivity, lower thermal coefficient, and lower modulus of elasticity (Tables A-4 and A-5). 
Crushed chert had slightly lower thermal coefficient, lower diffusivity, lower modulus of 
elasticity, and presumably more actual or effective surface per unit of apparent surface than 
the quartzite; the particle shape of crushed chert was somewhat thicker and more equi- 
dimensional. -At Treat Island, the quartzite declined with respect to granite because of the 
greatly increased number of heating and cooling cycles, and with respect to crushed and 
uncrushed chert and limestone because all three had their bond improved by alkali-aggregate 
reaction or alkali reaction and swelling. 

The average DFE’s for all eight fine aggregates in laboratory freezing and thawing lie 
between 50 for quartzite and 67 for crushed chert (Table A-2) and the ranges all overlap 
considerably (Table A-1). It seems doubtful that these test results establish any statistically 
significant differences. The averages and ranges at Treat Island suggest the same inter- 
pretation. If it is correct, the change in rank of quartzite fine aggregate from seventh in 
the laboratory to second in the field is random error. If the sorting in the two exposures 
is significant, it is interesting that the quartzite mortar ranked seventh on the basis of mean 
difference in thermal coefficients (Table A-3) and eighth in laboratory freezing and thawing. 
It is likewise interesting that quartzite and granite were the two fine aggregates showing the 
greatest improvement from the laboratory to the field, and are the most nearly chemically 
inert. (They also have the second and third largest range in results at Treat Island.) Four 
of the six coarse aggregates were chemically active at Treat Island, and it may be that any 
additional chemical activity by the fine aggregate was a disadvantage. 


Granite 

In the laboratory, granite ranked second as a coarse aggregate; at Treat Island it was 
third. It had the smallest range of any of the coarse aggregates in the laboratory, and the 
largest in the field (Table A-1). As an aggregate, it has advantages of rough surfaces, 
low absorption, and fairly good particle shape; its internal bond is less strong than that of 
chert and quartzite; its modulus of elasticity is fairly low (Table A-4); its diffusivity is below 
that of quartzite and chert and higher than that of limestone (Table A-5), although the mean 
difference in thermal coefficient between granite and the eight mortars is high (Table A-3) 
and the thermal coefficient is low (Table 2). It appears to be chemically inert in both 
exposures. 


Hypotheses to explain the behavior of granite 

Granite performed well in the laboratory because it was a dense material with rough 
surfaces which permitted formation of good mechanical bond. Its rate of temperature change 
was not too different from that of the mortars, so it did not get out of phase with the mortars 
in the way postulated for quartzite. While its difference in thermal coefficient from the 
mortars was quite high, its internal bond was only moderate and its modulus of elasticity 


*In freezing weather, the immersion phase of the cycle is the warmer phase, but in non-freezing weather it is 
the cooler. 
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fairly low, so that part of the adjustment to stress set up by differences in thermal expansion 
took place in the aggregate instead of all in the mortar (as was probably the case with quart- 
zite) and bond to coarse aggregate was not too much disrupted. Chemical reaction between 
fine aggregates and cement paste was not recognized. 

At Treat Island, with the two relatively inert fine aggregates, granite and quartzite, the 
granite performed better than anything else and performed very well with crushed chert 
sand, for the same reasons that made it do well in the laboratory. The granite coarse aggre- 
gate—limestone fine aggregate combination was injured by the swelling of limestone sand in 
sea water, as all combinations with limestone fine aggregate were. Granite coarse aggregate 
declined from the laboratory to the field with the natural sands, probably for one or both 
of two reasons. One possibility is that a greater number of thermal reversals at Treat Island 
damaged bond to the smooth rounded natural sand grains more than it damaged bond to 
the rougher surfaced manufactured sand grains. The second possibility is that longer ex- 
posure and alternate wetting and drying permitted alkali reaction to begin in the beams 
containing natural sands. Condition of the beams indicated both mechanisms may have 
operated. Beams containing natural quartz sand, cherty river sand, and Mississippi river 
sand had the poor bond to smooth quartz in the sizes retained on No. 16 sieve that is character- 
istic of mortar containing such sands after freezing and thawing. River-terrace sand con- 
tained less No. 4 and No. 8 sand and a lower proportion of smooth-surfaced grains in those 
sizes; beams made with it had unusually strong bond to red glassy tuff grains in the sand. 
Crushed chert 

Crushed chert ranked first as coarse aggregate in both exposures, first as fine aggregate 
in the laboratory and third at Treat Island. It had the shortest range as fine aggregate in 
both exposures, the shortest range as coarse aggregate at Treat Island and the second shortest 
in the laboratory (Table A-1 and A-2). The effect of crushed chert as fine aggregate in re- 
ducing the spread of results is interesting since the other fine aggregates, with the exception 
of limestone at Treat Island, did not appear to produce any consistent distinctive effect. 

Composition of gravel from which the crushed chert coarse and fine aggregate was pro- 
duced was approximately 60 percent chert and 40 percent quartzite and sandstone. As a 
coarse aggregate, crushed chert had thinner and more splintery particle shape than limestone 
or granite but fewer thin flat particles than quartzite. The broken surfaces were rougher 
than the surfaces of uncrushed chert gravel but smoother to the eye or the finger than those 
of limestone, granite, or quartzite. Internal bond was good to excellent. The modulus of 
elasticity of crushed chert (Table A-4) was lower than that of quartzite, since the modulus 
of chert is lower than that of quartz, and since quartzites in the chert gravel had clayey 
cements while quarried quartzite had quartz cement. The modulus of elasticity of crushed 
chert was certainly higher than that of granite and probably higher than that of limestone 
(Table A-4). The thermal coefficient of crushed chert was lower than that of quartzite but 
higher than the other coarse aggregates (Table 2). The mean thermal difference between 
crushed chert coarse aggregate and mortar was next to lowest, but the lowest difference of 
all did not appear to assist the quartzite. The mean thermal difference between mortar 
containing crushed chert fine aggregate and the coarse aggregates, was third highest (Table 
A-3). No data on thermal diffusivity of chert. could be located, but data in Table A-5 indicate 
that chert had lower diffusivity than quartzite and higher diffusivity than granite. 

Behavior of crushed chert with respect to thermal and elastic properties should be like 
that of quartzite but less extreme. If the hypothetical mechanism suggested to explain the 
poor bond to quartzite in concrete at Treat Island is approximately correct, it should also 
work in crushed chert concrete but with less effect, unless some other mechanism or property 
overcame the presumed thermal behavior. The bond in crushed chert concrete at Treat 
Island should be better than in quartzite but worse than granite at the end of the test. 
Original mechanical bond to the crushed chert surfaces should have been less effective than 
the bond to granite, which has rougher surfaces and fewer thin pieces. Comparison with 
bond to quartzite is more difficult, because quartzite had rougher surfaces but more thin 
pieces, but the two should have been comparable with slight advantage to crushed chert. 
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Examination of beams containing crushed chert coarse aggregate showed that they had 
the best bond of any beams in the series. All uncrushed chert beams broke easily. Most of 
the river-terrace gravel and quartzite beams could be broken easily; in both, the fracture 
ran around the aggregate. Granite beams ranged from very well bonded to poorly bonded; 
limestone beams were moderately well bonded. Six of the eight crushed chert beams were 
extremely tough and broke with great difficulty and through the aggregate. Several chert 
coarse aggregate particles were bordered by rims of darkened gel-soaked cement paste. 

Thin sections of three of the Treat Island crushed chert coarse aggregate beams were made 
and examined; the microstructure was similar to that of other thin sections of chert aggre- 
gate concrete from field structures in the Gulf Coast area with good bond to uncrushed, smooth 
chert coarse aggregate, relatively small calcium hydroxide crystals considering the age of 
the concrete, large areas of uninterrupted gel, and color changes in paste adjoining some of 
the chert. By comparison, thin sections of granite concrete contain more and larger calcium 
hydroxide crystals. All the indications—the excessively good bond, the darkened areas 
adjoining some coarse aggregate, the general uniformity of texture and small amount. of 
leaching—point to mild over-all alkali reaction, and suggest that it has been responsible for 
the consistently high rank of this aggregate at Treat Island. 

It is hard to escape the consequences of this assumption as applying to the behavior of 
crushed chert fine aggregate. Its surfaces were the smoothest of any of the manufactured 
fine aggregates in the group, but it was the only fine aggregate which exerted a consistent 
recognizable influence. The surfaces of the crushed chert fine aggregate were freshly broken, 
unweathered, and rougher than the surfaces of chert in the natural fine aggregates. 

While it can not be proved that early chemical improvement of bond to crushed chert 
coarse and fine aggregate took place, what other explanation covers the test results? 
Hypotheses to explain behavior of crushed chert 

Crushed chert is consistently superior in this group as a coarse aggregate and a fine aggre- 
gate because it develops chemical bond as well as mechanical bond. Mechanical bond to 
coarse aggregate cannot be as intimate or as resistant to tensile stress as chemical. This ac- 
counts for its general superiority to the other, rougher-surfaced, crushed coarse aggregates, 
and for its effect on consistency of results as a fine aggregate. Compared with quartzite, its 
thermal and elastic properties depart less from those of the matrix. 

Uncrushed chert and river-terrace gravels 

The uncrushed chert gravel was taken from material containing about 85 percent chert, 
and the rest sandstone and quartzite. The dense chert had smooth polished surfaces. The 
river-terrace gravel contained many types of rock capable of alkali reaction and various 
porous physically weak rock types. Uncrushed chert had a larger range in the laboratory 
and the field than river-terrace gravel. Both had predominantly smooth surfaces, and the 
original disadvantage in mechanical bond between mortar and coarse aggregate resulting 
from smooth surfaces. River-terrace gravel beams in the laboratory and at Treat Island 
showed some popping failures of clay-iron-stone concretions and splitting of porous limestone. 
Chert gravel had some failures of porous chert, but fewer failures of individual pebbles than 
river-terrace gravel. Both had developed some alkali reaction and gel was found in some 
voids and pebble sockets. Apparently the reaction in the river-terrace gravel beams assisted 
in the disruption of bond, since all broke easily around coarse aggregate, not through it. 
Some beneficial effect on bond bad taken place with the uncrushed chert; one beam was 
particularly tough and broke through the coarse aggregate. 

Hypotheses to explain behavior of chert gravel and river-terrace gravel 

Both of these had the disadvantage of predominantly smooth surfaces, and were thus 
inferior in the laboratory and the field to crushed coarse aggregates, except those crushed 
coarse aggregates which had some other marked disadvantage (limetone in the laboratory, 
quartzite in the field). River-terrace gravel had the disadvantage in both exposures of 
containing clay-ironstone and porous limestone; several laboratory beams broke in test 
through clay-ironstone pebbles. 
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CONCRETE IN SEA WATER 


Lea and Desch* indicate that chemical attack of sea water on concrete is principally due 
to magnesium sulfate, which reacts with calcium hydroxide to form gypsum and precipitate 
magnesium hydroxide, and reacts with hydrated tricalcium aluminate to form calcium 
sulfoaluminate. 


The beams returned from Treat Island all contained white to colorless translucent crusts 
and crack-fillings (Fig. 10 and A-2), generally confined to cracks parallel to the free surfaces 
—cracks similar to D-cracks.t In the beams in poor condition, the deposit was more 
abundant and extended farther into the interior. The crusts were layered and proved to 
be fibrous with the fibers arranged subparallel normal to the layers. The refractive indices 
ranged from 1.542 in material of presumed high water content to 1.559 in air-dried material. 
The birefringence was low; the fibers had parallel extinction and negative elongation. These 
optical properties do not fit those of calcium sulfoaluminate, gypsum, naturally occurring 
magnesium hydroxide (brucite), calcium hydroxide, or the 21 reported natural and synthetic 
hydrous calcium silicates, or the reported hydrous magensium silicates. 

A partial chemical analysis of a small sample indicated that the principal cation was 
magnesium; silica and R20; were present in minor amounts. The chemical evidence fitted 
the hypothesis that the substance was magnesium hydroxide. The optical data and calcu- 
lations,t assuming a form-birefringent substance consisting of magnesium hydroxide and 
interstitial water, do not agree too closely, but the available formulas do not ordinarily give 
good quantitative agreement.§ A small sample heated to 1000 C for 24 hr gave the diffraction 
pattern of magnesium oxide; a raw sample gave a diffraction pattern indicating its major 
constituent is magnesium hydroxide. All evidence so far obtained may be interpreted as 
indicating that the substance is principally form-birefringent magnesium hydroxide, but 
additional verification is desirable. 

*Lea, F. M., and Desch, C. H., Chemistry of Cement and Concrete, 1935, pp. 364-370; pp. 199-205. 

+Powers, T. C., ‘A Working Hypothesis for Further Studies of Frost Resistance in Concrete,’’ ACI JourNAL, 
te ery Proc, V. 41, pp. 245-272; Discussion, Nov. 1945 Supplement, Proc. V. 41, pp. 272-1 to 272-20, especially 
e {Dounay, J. D. H., ‘Form Birefringence of Vaterite,’’ Annales Societie Geologie de Belgique, V. 59, 1936, pp. 


215-222 


§Kruyt, H. R., Colloid Science, V. 1, 1952, pp. 41-46. 


Fig. A-2—Sawed surface of beam 
containing limestone coarse and 
crushed chert fine aggregate at 
10x. The rough outer surface 
is the bottom as cast. Crack- 
filling follows the boundary of the 
limestone and a crack at a low 
angle to the outer surface 
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Discussion of a paper by Thomas B. Kennedy and Katharine Mather: 


Correlation Between Laboratory Accelerated 
Freezing and Thawing and Weathering 
at Treat Island, Maine’ 


By STANTON WALKER and D. L. BLOEM, T. F. WILLIS and L. T. MURRAY, and AUTHORS 


By STANTON WALKER and D. L. BLOEMt 


The paper “Correlation Between Laboratory Accelerated Freezing and 
Thawing and Weathering at Treat Island, Maine” presents againf the concept 
of “thermal compatibility” as influencing the durability of concrete. That 
concept is that the greater the difference between the thermal coefficients 
of the coarse aggregate and mortar, the less able is the concrete to resist 
temperature changes and particularly freezing and thawing. 

We questioned the validity of that concept in our discussion of Callan’s 
papert and we presented data from carefully planned and controlled tests 
in the paper by Walker, Bloem, and Mullen in the April 1952 ACT JourNaL§ 
which substantiated our position. The data in the present paper by Kennedy 
and Mather, although presented in a form to support the concept, if taken 
at their face value, provide spectacular evidence of its lack of validity. 


DFE VERSUS AC 


Fig. 11, 13, and 15 present the individual test results plotted in a diagram 
for which the abscissas are differences in thermal coefficients between mortar 
and coarse aggregate (AC) and the ordinates are “durability factors’ (DFE), 
a measure of the resistance of the concrete to freezing and thawing based 
on measurements of dynamic moduli of elasticity. The data in these diagrams 
show correlation coefficients ranging from —0.312 to +0.333 which are 
recognized by the authors as indicating no significant relationship. Regression 
lines for two of the diagrams indicate a trend of increased DFE with increased 
AC—a relationship opposite to that on which the thermal compatibility 
concept is based, but indicated by the correlation coefficient not to be signifi- 

*ACI JourNAL, Oct. 1953, Proc. V. 50, p. 141. Disc. 50-9 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 

tDirector of Enginee ring and Assistant Director of E ngineering, respectively, National Sand and Gravel Assn. 
and National Ready Mixed Concrete Assn., Washington, D. C. 

tSee: Weiner, Albert, “A Study of the Influe a of Thermal Properties on the Durability of Concrete,"’ ACI 
JouRNAL, May 1947, Proc. V. 43, p. 997; Callan, E. J., ‘Thermal Expansion of Aggregates and Concrete Dur- 
ability,’"” ACI Journa., Feb. 1952, Proc. V. 48, p. rs “The Relation of Thermal E xpansion of Aggregates and 
the Durability of Concrete,” Bulletin No. 34, Wate erways Experiment Station, Corps of Engineers, U. S. Army, 
Vicksburg, Miss.; and ‘‘Laboratory Investigation of Certain Limestone Aggregates for Concrete,” Technical 
Memorandum No. 6-371, Waterways Experiment Station, Corps of Engineers, U. S. Army, Vicksburg, Miss. 


§Walker, Stanton, Bloem, D. L., and Mullen, W. G., “Effects ofsTemperature Changes on Concrete as Influenced 
by Aggregates,’’ ACI Journa, Apr. 1952, Proc. V. 48, p.{661. 
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cant. The third showed a trend toward decreased DFE with increased AC, 
but also with an unsignificant correlation coefficient. Data from these same 
test results after “adjustment” are plotted in Fig. 12, 14, and 16 in such a 
manner as to show highly significant correlation coefficients and to support 
the thermal compatibility concept. The method for adjusting the data 
was first used, so far as we know, by E. J. Callan in the closure to discussion 
of his paper, previously cited. It is completely erroneous as will be shown in 
this discussion. 


The method of adjustment used by Callan is referred to on p. 504-16 of 
the closure to discussion of his paper as ‘‘a somewhat intricate weighting of 
the observed DF E’s, the procedure for which is rather too detailed for descrip- 
tion here.” It is described briefly by Kennedy and Mather on p. 158 of the 

paper under discussion. We 
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for fine aggregate. The solid line represents the prior assumption that DFE 
decreases as AC increases and is drawn as Callan would draw it. The bro- 
ken line is based on the prior assumption that DFE increases as AC increases. 
With the adjustments made precisely as done by Callan and later described 
by Kennedy and Mather, using first the solid line and then the broken line, 
the diagrams shown in Fig. B result. The regression line at the top shows 
DFE to decrease as AC increases, with a highly significant correlation co- 
efficient of 0.903 (the authors’ calculations showed 0.847). The lower re- 
gression line shows an exactly opposite relationship with a substantially equally 
significant correlation co- 
efficient of 0.857. It is clear, 100 ° a 
therefore, that the authors’ DFE,= 77.58- 9.45AC 
Fig. 12, 14, and 16 are com- ee oc etes 
pletely invalid and prove 80 
nothing with respect to the if 
“thermal compatibility” 
concept. 
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*Wuerpel, C. E., and Cook, H. K., 
“Automatic Accelerated Freezing-and- 
— Apparatus for Concrete,” re) 
-roceedings, ASTM, V. 45, 1945, p. - - 
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The authors conclude that the data show ‘no over-all correlation between 
the laboratory and field beams,” and then proceed with explanations 
of why the different concretes acted as they did. However, their acceptance 
of the relationship based on the adjusted data shown in Fig. 12, 14, and 16 
(with highly significant correlation coefficients) denies their own conclusion. 
A diagram of DFE’s from laboratory freezing and thawing tests versus Treat 
Island storage, based on their adjusted regression lines, would furnish an 
excellent relationship showing the destructiveness of the laboratory freezing 
and thawing test to be closely related to that of storage at Treat Island. 
Here again, however, the relationship can be made to conform to a diametri- 
cally opposed notion, as will be demonstrated below. 

At the risk of belaboring Callan’s system of adjustment, we make one 
more application of it. In Fig. C, DFE’s from laboratory freezing and thawing 
have been plotted against ‘‘adjusted”” DFE’s from the Treat Island exposure. 
The unadjusted data are shown in the authors’ Fig. 6 with an unsignificant 
correlation coefficient of 0.050. We have no criticism of that diagram. 

In Fig. C we have adjusted the data in accordance with the system developed 
by Callan—first, making the prior assumption that the two sets of DFE’s 
should be directly proportional to each other and, second, that they should 
be inversely proportional. Observe that the two diametrically opposed 
relationships are made to result, each with a highly significant correlation 
coefficient (0.784 and 0.819). We present these relationships only to illustrate 
the complete lack of validity of such a system of adjustment. 


GENERAL COMMENT 


If the preceding criticism were based on nothing more fundamental than 
irritation with erroneous conclusions, it would not be justified. But, the 
thermal compatibility concept has been used to reject aggregates unjustifiably 
and it could be used again! In their hypotheses, to be discussed later, the 
authors use the concept to explain why some of the concrete specimens acted 
as they did. 

We feel that the ghost of thermal compatibility must be laid until there 
is tangible evidence of its existence. Let us emphasize that our discussion 
is based entirely on the data in the Kennedy-Mather paper; we will study, 
without prejudice, any further data which may be presented in the future 
on this important subject of thermal properties. 

Up to this point, our comments have been directed almost entirely to the 
errors that can result from adjusting data. Data may be studied, arranged, 
analyzed, and interpreted, but they should never be adjusted—and especially 
with any preconceived idea of what they should show. We now come to a 
more fundamental criticism of the investigation. It is not conceivable to 
us that these data could have been expected to show any relationship between 
durability and any characteristic of the aggregate. First of all, with two 
exceptions, there was only one batch for each combination. For those two 
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exceptions, the duplicate tests showed such poor reproducibility as to indicate 
that attempts to compare the performance of individual aggregate combi- 


nations would be futile. 


Further, we are unable to understand how con- 


cretes ranging in cement factor from 4.56 to 6.66 sacks per cu yd (according 
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to Table 2), and in water content from 25 to 37 gal. per cu yd, can be con- 
sidered to be comparable. 

The only common features of these concretes were: (1) the same water- 
cement ratio; (2) identical gradings of coarse aggregates; and (3) similar 
gradings of fine aggregates. On the face of it, that might suggest that they 
have a great dealin common. But is that so? Granted that the water-cement 
ratio is the most important factor in fixing the quality of the cement paste. 
But are two concretes, one of which has approximately 5.5 cu ft of paste 
per cu yd and the other 8.1 cu ft, comparable? Are two concretes compa- 
rable if one of them contains 37 gal. of water per cu yd and the other 25 gal., 
the water occupying 18 percent of the volume of the concrete in one case 
and 12 percent in the other? 

Recognizing the impossibility, in a precise sense, of making two concretes 
from different aggregates completely comparable, we believe that a much 
closer approach to practical comparability could have been made by propor- 
tioning the different aggregate combinations to have the same cement factor. 


THE AUTHORS’ HYPOTHESES 


The “hypotheses to explain behavior” of aggregates appear to be some- 
what less than convincing, especially when the lack of comparability of the 
different concretes in the single-batch results is considered. The authors 
say that the limestone fine aggregate gave poor results at Treat Island because 
it swelled. But, on the other hand, they offer as explanation of the good 
performance of limestone coarse aggregate also, the fact that it swelled. 
Further, it appears that sometimes alkali reactivity promoted durability and 
sometimes it did not. 

Other similar explanations could be cited and we were tempted to examine 
them in detail. The futility of doing so impressed itself on us when we con- 
sidered the lack of comparability of the concretes. Nevertheless, there may 
be some justification for speculating why the different exposures affected 
concrete specimens from the same batch differently. The relatively good 
relationship between results for large and small beams, both at Treat Island, 
indicated the two portions of the same batch to be potentially comparable. 

We say “potentially.”” In other publications* we have emphasized the 
great importance of the moisture condition of the concrete to its resistance to 
freezing and thawing. It does not seem unreasonable that the two sets of 
beams sent to Treat Island (large and small) were comparable as to moisture 
condition. However, the two portions of the batch, one sent to Treat Island 
and the other tested in the laboratory, could not have been uniform as to 
moisture. 

As a matter of fact, when the DFE’s of all fine aggregates are averaged 
for each coarse aggregate, only the limestone and quartzite show any out- 


*Walker, Stanton, “Resistance of Concrete to Freezing and Thawing as Affected by Aggregates,”’ Circular 
No. 26, National Sand and Gravel Assn.; and discussion of “Symposium on Freezing dnd Thawing Tests of 
Concrete,”’ Proceedings, ASTM, V. 46, 1946, p. 1239, 
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standing differences in behavior in the laboratory and at Treat Island. In 
the case of the limestone coarse aggregate, we suggest that the relatively 
high absorption and the high loss in the soundness test may have combined 
to account for the uniformly poorer performance in the laboratory than at 
Treat Island. The high soundness loss probably reflected the presence of 
the montmorillonite and, to a lesser degree, the high absorption. In the 
laboratory tests, where the samples were exposed immediately after curing 
and were kept constantly immersed, the relatively high absorption probably 
contributed to the poor results because, as the ‘authors say, of absorption 
of water. At Treat Island the concrete had an opportunity to dry before 
being exposed and, further, the slow cycle and relatively long exposure to 
air, including three or four summers, permitted further loss of moisture. 
Complete resaturation after drying is difficult of attainment. 

As to the quartzite, which had a low absorption and high thermal co- 
efficient, it is conceivable that a combination of poor bond, because of the 
nature of the surface, and high thermal coefficient of the concrete may have 
been a factor. However, some doubt is cast on this hypothesis since the 
evidence of these characteristics should have exhibited itself as forcibly in 
the laboratory as in the field, if not more so. Another explanation suggests 
itself. Leaving out of account the limestone fine aggregate, which was 
obviously defective (absorption 2.9, MgSO, loss 20.2), the three crushed 
fine aggregates had an average DFE only three points lower at Treat Island 
than in the laboratory. The four natural fine aggregates showed an average 
reduction in DFE of 53 points. 

What strikes us as being a most significant factor here is that the average 
cement factor for the crushed fine aggregate concrete was 6.47 while that for 
the natural sand concrete was 5.57, almost a sack per cu yd less. In terms 
of absolute volume, the mortar proportions in the first instance were about 
1 to 2.4 as compared with 1 to 3.0 in the second. It seems reasonable that 
the leaner concrete, with leaner mortar, was more vulnerable to chemical 
attack by the sea water than the richer mixtures, particularly during the 
nonfreezing periods. 

In the case of the granite, the averages for the two exposures were sub- 
stantially identical. Leaving out of account the unsound limestone fine 
aggregate, it may be significant that the natural sands (low cement content) 
gave uniformly lower results at Treat Island, where there was chemical 
attack, while the richer crushed-fine-aggregate concretes show improvement. 

For the uncrushed chert, there was no great difference between the field 
and the laboratory. The laboratory test was slightly more severe, probably 
because of the relatively high absorption of the chert. However, this ad- 
vantage of field storage was less for the natural sand than for the crushed. 
The explanation given previously appears equally applicable. For the river- 
terrace gravel, the differences do not appear to be significant, in view of the 
degree of reproducibility evidenced by duplicate batches for other combi- 
nations (39 and 60; 34 and 82; 42 and 50; 69 and 82), and, if the unsound 
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limestone is omitted, the difference is diminished. Here again, we believe 
that it must be of significance that such differences as are shown are asso- 
ciated almost exclusively with the lower-cement-content concretes containing 
natural sands, which, because of their lower cement content, might be ex- 
pected to be more vulnerable to chemical action. 


The crushed chert coarse aggregate averaged consistently higher at Treat 
Island than at the laboratory. The difference may not be significant in 
view of the degree of reproducibility evidenced. However, the relatively 
high absorption of the chert suggests that it may have been more vulnerable 
in the laboratory, where there was no opportunity for loss in moisture, than 
the field. Except for the defective limestone, the performance of which has 
already been discussed, this is the only one of the coarse aggregates for which 
the relative showing at Treat Island was not significantly better for the 
richer crushed-fine-aggregate concrete than for the leaner natural-sand con- 
crete. Perhaps the excellent bond of the mortar was a contributing factor 
and perhaps, also, in this single case, the time was not sufficient to reveal 
the differences indicated by the other aggregates. 


We realize, of course, that these concretes had the same water-cement 
ratio—and nominally, that was true of the mortars. The explanations 
based on richness of mixture are in no wise inconsistent with our being among 
the more aggressive supporters of the water-cement ratio theory. Granted 
that, in a broad sense, the water-cement ratio establishes the quality of the 
paste—there were different quantities of this paste used in the different 
concretes! Abrams, a most thorough and objective investigator, stated the 
water-cement ratio principle in Bulletin No. 1 of the Structural Materials 
Research Laboratory, December, 1918, as follows: ‘With given concrete 
materials and conditions of test the quantity of mixing water used determines 
the strength of the concrete, so long as the mix is of a workable plasticity.” 
“ven when the materials are the same, the water-cement ratio is said only 
to determine the strength; no one has claimed that a low-cement-content 
and a high-cement-content concrete are similar with respect to all other 
characteristics—volume changes due to temperature and moisture, absorption, 
permeability, and resistance to disintegrating agents. 


CLOSURE 


This discussion has three objectives. One is to point out the erroneous 
conclusions that can be reached by adjusting data in accordance with a 
preconceived idea—and here reference is solely to the DFE versus AC re- 
lationships based on the adjusted data. The second is to discuss the inade- 
quacy of the data to reveal any differences among aggregates because of the 
lack of comparability of the concretes and the single-batch results. The 
third is to suggest that hypotheses to explain differences in behavior between 
the laboratory and the field may be presented, based on established principles, 
without resorting to contradictory abstruse reasoning. 





— 
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By T. F. WILLIS and L. T. MURRAY* 


The paper by Kennedy and Mather presents two points of particular 
interest to the writers: (1) disclosure of the method used by E. J. Callan 
for adjusting some supplementary data presented in his closure to the dis- 
cussion of his paper “Thermal Expansion of Aggregates and Concrete Dur- 
ability; and (2) direct information on the relationship between the results 
of an accelerated laboratory freezing test and those obtained under a specific 
condition of natural weathering. 

First, let us discuss Callan’s method of adjusting data, which is described 
and used by Kennedy and Mather. The writers read Callan’s closure to the 
discussiont by Bloem and Walker, R. E. Glover, and Willis and Reagel 
with a sense of misgiving. Particularly disturbing was the portion in which 
Callan presented supplementary data which, after an unexplained adjust- 
ment, purported to lend credence to his hypothesis of an inverse relationship 
between DFE and AC. Before adjustment, neither these supplementary 
data, nor the data presented by Kennedy and Mather, give support for the 
hypothesis. To provide such support, any method of adjustment must modify 
the original data so as to: (a) increase the arithmetical magnitude of the 
correlation coefficient, and (b) produce a regression line with a negative 
slope.§ Inspection of Fig. 11 and 12 of the Kennedy-Mather paper will 
show that both of these stipulations were fulfilled by the dual fine and coarse 
aggregate adjustments, and our analysis shows that this is equally true after 
either adjustment alone. But does this fact warrant the conclusion drawn 
from it? 

Adjustment of data is permissible under some circumstances; it serves 
no useful purpose when applied to data to statistically evaluate a_ pre- 
conceived hypothesis, unless the adjustment be carried out by methods 
that are statistically and hence logically sound. Under no circumstances 
should the magnitude of the adjustments be influenced in any way by consider- 
ations based on the hypothesis being examined. With this in mind let us under- 
take a critical examination of the method of adjustment used. Table A 
shows Callan’s data and is the same as his Table D** except that two columns 
have been added along the right-hand margin and four rows along the bottom 
of the table. These added values (according to Kennedy and Mather) were 
those used by Callan in making his data adjustment. 


DATA ADJUSTMENTS FOR FINE AGGREGATES 
First, let us examine the adjustments which he considered necessary because 


*Chief of Research Section and Associate Research Engineer, respectively, Research Section, Division of 
Materials, Missouri State Highway Department, Jefferson City, Mo. 

Callan, E. J., ““Thermal Expansion of Aggregates and Concrete Durability,’ ACI Journat, Feb. 1952, Proc. 
V. 48, p. 485. 

{Discussion of ‘“‘Thermal Expansion of Aggregates and Concrete Durability,” ACI Journat, Dec. 1952, Part 2, 
Proc. V. 48, p. 504-16. Our discussion will be more readily followed if accompanied by a reading of p. 504-16 
of this reference and pp. 157-160 of the Kennedy-Mather paper. 

§It is possible for adjustment to be made in such manner that the resulting correlation coefficient would indicate 
a definite relation between DFE and AC but produce a regression line of positive slope, which is incongruent with 
the inverse DF E-AC relationship postulated by Callan. 

**Discussion of ‘Thermal Expansion of Aggregates and Concrete Durability,’"’ ACI Journat, Dec. 1952, Part 2, 
Proc. V. 48, p. 504-16. 
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TABLE A—FREEZING AND THAWING TEST RESULTS OF 48 CONCRETE 
COMBINATIONS OF VARIOUS THERMAL PROPERTIES 





Top reading in each cell is AC of the concrete combination 
Lower reading in each cell is DFE of the concrete combination 


| 


| Column No. 


Row No. and 
coarse | Fine — —) | ———— 
aggregate | aggregate Sili- Natural] 
Lime- ceous | Non- sili- | Cherty | Quartz- 
stone | river chert | ceous river ite age Rank 
| |} sand sand | sand | sand 


FSR A ley ee Sas Da ee Se ee 


| } 
1S 
| Coeff. of | | 
| mortar | 6.3 b. 3 4 | 

| Coeff. of | 

| aggregate 
1-Limestone | 2.3 


2—Granite 


3-—Nonchert 
gravel 


4—Uncrushed 5. a y } i ‘ . 
chert | 4 : 56 . 51.88 


5—Crushed | 5.{ ot : : 4 ; j 638 
chert | 71 78 76.88 | 


6-Quartzite | 6.4 |-1.8 |-0.7 ¢ 0 0.138 
| 59 : 85 | | 6 | 70 | 69.38 
7—Average AC 033) 1.067 1.767| 2.467| : 2.767| 2.867] 1.904) 
8-Average DFE .50 | 51.67 | 5 60.00 | 62.83 3 | 53.83 | 58.17 | 59.25 


9-Rank AC 2 é 4 5 
10-Rank DFE 2 s j 4 3 


his experimental concretes contained different lithological types of fine ag- 
gregate. These were evolved from the data in the last four rows of the 
table. Each figure in row 7 is an average of the tabular values of AC in the 
corresponding column. Similarly, each figure in row 8 is an average of the 
tabular values of DFE in the corresponding column. The steps in Callan’s 
adjustment, as described by Kennedy and Mather, were: 


(1) Ranking the average values, AC in order of ascending magnitude and DFE in order 
of descending magnitude* (shown in rows 9 and 10). Note that in two cases the AC rankings 
are identical with the corresponding DFE rankings, while in six cases they are different. 


(2) Plotting the average DFE values in row 8, against the corresponding average AC values 
in row 7, and drawing a straight line through the two points which had identical DFE and 
AC rankings (shown in Fig. D); the writers have designated this as the adjustment datum 
line. 


(3) Sealing the vertical distance from this datum line to each plotted point and then apply- 
ing the proper scaled magnitude as a correction to each tabular DFE in the corresponding 
column of the table. (For example, in Fig. D the point at the extreme left of the graph is 
4.5 units below the datum line, so 4.5 was added to each DFE in column 1; similarly the point 
on the extreme right is 5.0 units above the datum line so 5.0 was subtracted from each DFE 
in column 8; columns 4 and 7 were not changed.) 

*The very act, of arbitrarily assigning inverse orders of ranking to the column averages of DFE and AC, is 
sufficient to invalidate any inference (about a relation between these variables) which is drawn from adjusted 


data based in any way on such rankings. From where else, other than the hypothesis itself, could the idea for such 
an inversion have emanated? 
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Fig. D—Fine aggregate adjustment. Note: The length of each vertical dotted line is the 
magnitude of the adjustment Callan made in the DFE's in the indicated column in Table A 


Inherent in the method of adjustment is the necessity that the mean of 
the DFE’s in each column of the adjusted data falls on the chosen datum line. 
As a result the adjusted individual values cluster around the datum line rather 
than the original regression line; which in turn forces any regression line 
‘alculated from the adjusted data to approach the datum line in magnitude 
and sign of slope, as well as location.* 

Since the magnitude of the slope of the datum line controls this characteristic 
of the regression line of the adjusted data, it can be shown mathematically 
that: (1) if the slope of the chosen datum line is arithmetically greater than 
the slope of the regression line of the unadjusted data; and (2) if the “sum 
of squares” of deviations of the adjusted DFE’s from the adjusted mean 
DFE is about the same as, or materially less than, that for the unadjusted 
data; then the correlation coefficient of the adjusted data will be greater 
than originally obtained. Both of the above conditions are fulfilled by Callan’s 
method of adjustment. Hence by his choice of a datum line, Callan satisfied 
requirement (a) stated on p. 172-9. Also, because the sign of the slope of the 
adjustment datum line largely controls that of the adjusted regression line, 
fulfillment of requirement (b) is dependent on the choice of a datum line. 

As previously described, Callan’s datum line for his fine aggregate adjust- 
ment was drawn through the only two points where the direct ranking of the 


*We believe that after reflection this statement will be obvious to the reader so, in the interest of brevity 
mathematical proof of the statement is omitted; however, the writers have proved it, as well as the statement in 
the following sentence, by methods commonly used in the establishment of statistical techniques. 
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column averages for AC coincided with the inverse ranking of the column 
averages for DFE. The sign of the slope of a line connecting two such points 
must be negative, and hence in conformance with an inverse relation between 
AC and DFE, since it would be impossible for the inverse ranked DFE’s 
to coincide with the corresponding direct ranked AC’s at two points without 
such points being so related to each other. Hence the fact that the sign of 
the slope of the datum line agrees with the requirement of the AC-DFE 
hypothesis is due only to the experimenter’s choice of the two control points. 
Obviously these points also determine the magnitude of the slope. There- 
fore, if use of the line as an adjustment datum can be justified, such justifi- 
cation must stem from some unique quality of the two points which determine 
the line. There appear to be only three such qualities. 

First, there is the possibility that coincidence of the DFE and AC rankings 
for two sands was so unusual as to indicate some tendency toward systematic 
order, as opposed to a purely random distribution of the rankings. How- 
ever, it can be shown by the theorems of probability that, given two piles of 
randomly assorted chips with the individual chips of each pile being numbered 
1, 2, 3, .... 8, if one made eight paired drawings (one drawing of each pair 
being from each pile), the mathematical expectation is 26.5 percent for obtain- 
ing at least two pairs of drawings in which the individual drawings of a pair 
result in identical numbers. When the mathematical expettancy of an 
experimental result can be this great, even though obtained from randomly 
distributed experimental units, the investigator who concluded that such 
experimental result gave reliable evidence of an ordered relation between the 
experimental units would indeed be rash; and to use such a conclusion as the 
foundation for a quantitative adjustment of the data would be throwing 
caution to the wind. Hence the occurrence of identical DFE and AC rankings 
in the case of two fine aggregates provides no logical basis for defining the 
adjustment datum line. 

Second, there is the possibility that those qualities of the sands (such as 
particle shape and texture), presumed by the authors to be masking the 
effect of AC, were active in the case of six of the sands but absent or passive 
in the case of the “nonchert” and “quartzite” sands; in other words, that 
the DFE’s of the concretes containing these two sands were determined 
solely or primarily by AC, hence needed no adjustment and could serve as 
the necessary datum for adjustment of the DFE’s of the other concretes. 
The authors state no basis for such an assumption (and the writers can think 
of none) ;* therefore, this possibility must be discarded. 

Third, by elimination, we arrive at the conclusion that the only unique 
feature of the pair of points used to locate the adjustment datum line is the 
fact that they provide a line having a slope in accord with the hypothesis 
which the author desired to establish. That this conclusion is not too far 
fetched will become evident when the coarse aggregate adjustment is analyzed. 


*If the authors know of any method of measuring shape and surface texture of aggregate particles, sufficiently 
quantitative to warrant its use in adjusting statistical data, such information would be of tremendous funda- 
mental value to other investigators. 
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DATA ADJUSTMENT FOR COARSE AGGREGATE 


The coarse aggregate adjustment, according to Kennedy and Mather, was 
made in a manner analagous to that used for the fine aggregate, using the 
data in the three columns on the right-hand side of Table A. Examination 
of the inverse rankings of the average AC and the corresponding average 
DFE for each coarse aggregate reveals that in only one instance do the rank- 
ings coincide. Since one point cannot uniquely describe a line, the actual 
location of the datum line used by Callan had to be calculated from his 
original and adjusted data, together with the fine aggregate adjustments 
determined from Fig. D. The datum line, so calculated, is the solid line in 
Fig. E. As shown, it passes through the one point for which the AC and 
DFE rankings coincide; is straight in its lower portion; but suddenly deviates 
from this slope and meanders erratically to its upper end.* 

Examination of this line and the plotted points reveals absolutely no 
basis in the data for the chosen slope and location of the coarse aggregate 
adjustment datum line. It is obviously not the “least squares” line through 
the points. The fact that one end of it is anchored by the single point for 
which the AC and DFE rankings coincided has even less significance than 
in the case of the fine aggregate adjustment. If the rankings were sets of 
random numbers the mathematical expectancy for the occurrence of at 


*Probably this is due to computational errors by the original author. Had he used the dotted extension of the 
line for adjusting the average DFE’s of uncrushed chert. crushed chert, and quartzite he would have obtained a 
correlation coefficient for his adjusted data even larger than 0.847. 
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Fig. E—Coarse aggregate adjustment. Note: The length of each vertical dotted line is the 
magnitude of the adjustment Callan made in the DFE's (after fine aggregate adjustment) in the 
indicated row of Table A 
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least one pair of identical numbers would be well above 50 percent; in other 
words, even with random numbers it would be more unusual that none of 
the rankings should pair up than for one or more to do so. Therefore the 
occurrence of the single instance of paired rankings gives absolutely no 
evidence of an ordered relation between DFE and AC. Furthermore, there 
is no indication in the paper that the authors possessed any knowledge 
(about the effects of surface texture and particle shape of the coarse aggre- 
gates on DFE) sufficiently quantitative to warrant definition of an adjustment 
datum line. 

Again, just as for the fine aggregate adjustment, we are forced to the 
conclusion that the only basis for choice of the coarse aggregate adjustment 
line* was that the chosen line provided adjusted data which conformed 
more closely to the hypothesis than did the original data. 


GENERAL COMMENT ON THE HYPOTHESIS OF AN INVERSE RELATION 
BETWEEN DFE AND AC 
It then seems apparent that the magnitudes of the DFE adjustments for 
both fine and coarse aggregate, and hence the correlation coefficient and 
regression line of the adjusted data, are not only influenced, but largely 
controlled by considerations which emanated solely from the hypothesis 
itself. Hence, the adjusted data, and of course the regression analysis per- 
formed thereon, are meaningless.t From our study, we conclude that Callan 


in effect (1) adopted an hypothesis; (2) by his method of adjustment forced 
the experimental data to conform to the hypothesis; and (3) finally con- 
cluded, because the adjusted data (having no alternative) showed a regression 
ilne of the proper slope and a high correlation between the variables of the 
hypothesis, that this fact supported the validity of the hypothesis. Surely 
no conclusion should be considered as being validated in even a minute 
degree by such circuitous reasoning. 


Kennedy and Mather subjected their experimental data to the same sort 
of adjustment, and these data, after adjustment, also show a highly Significant 
correlation between DFE and AC. Kennedy and Mather were apparently 
somewhat skeptical of the validity of the pseudo-correlation for they state: 
“It would appear from these data that there is a correlation between DFE 
and AC, but that the correlation is probably usually of lesser importance 
than other characteristics of the concrete.’’ Nevertheless, the fact that they 
made the adjustment and published the graphs lends weight to the exist- 


*The coarse aggregate adjustment has the major effect in improving the pseudo-correlation. This is in the 
right direction. Considering Table A as a two-way classification, an analysis of the variance of the DFE’s (dis- 
regarding AC) shows that the effect of varying type of fine aggregates was barely Significant; whereas, the effect 
of changing coarse aggregates was highly Significant. However, even such an analysis provides no basis for ad- 
justment of the data, since the effects due to particle shape, texture, or what-not are inextricably confounded 
with the effect due to AC, if there is such; neither does it provide justification for Callan’s method for determining 
the magnitude of the adjustments. 

There is a statistically and logically sound method of adjusting data to eliminate = effect of nonquantitative 
variable factors on a regression. For the data under discussion such factors would be the coarse and fine aggre- 
gates; the effects could be any which would result from varying these factors. The writers performed such an 
adjustment on the data of Table A. The resulting correlation coefficient was slightly greater than Callan's original 
value of 0.312 but the difference was insignificant at even the 50 percent probability level. 

tUsing a similar method of adjustment and reasoning but different initial postulates, one could arrive at the 
conclusion that the DFE-—AC relation was direct instead of inverse as assumed by Callan, or that there was zero 
correlation between these factors. 
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ence of a DFE-AC relationship. When one considers the method used for 
the data adjustment—together with the implications of the unadjusted 
data*—there is no evidence, in either Callan’s supplementary data or the 
data of the paper by Kennedy and Mather, for the existence of a DF E-AC 
ly relationship. It therefore seems to us that a more objective appraisal of the 
latters’ data is contained in the following statement: ‘‘The data of the 
experiment being reported provide no evidence to support the existence of a 
DFE-AC relationship; if AC had any effect on DFE, such effect was 
effectually and completely masked by the effects of other characteristics of 
the concrete.”’ 

In the light of all the published information about the “thermal incom- 
patibility hypothesis,” it is our opinion that it should be laid back on the 
shelf along with other, superficially plausible but presently unestablished, 
hypotheses about concrete; not forgotten, but considered as at least tempo- 
rarily passé until and unless someone proves it through the medium of an 
experiment properly designed for the express purpose. As we interpret the 
literature, the hypothesis has not been successful even as a speculative ex- 
planation for unexpected behavior of experimental concretes; and certainly, 
up to the present, there has been offered no evidence which sufficiently validates 
the hypothesis to warrant its consideration in the routine selection of aggre- 
gate combinations for use in actual structures. 


LABORATORY FREEZING TESTS VERSUS NATURAL WEATHERING 


Thanks are due Kennedy and Mather for their presentation of data on 
one phase of concrete durability testing on which factual information has 
been meager; this is the degree to which laboratory durability tests are useful 
in predicting the durability of concrete under field exposure. In the instance 
they examined, the accelerated laboratory tests failed completely to predict 
the relative durability of the various concretes under outdoor exposure. 
Admittedly the outdoor exposure they used is out of the ordinary. However, 
the writers have the feeling that similar experiments with other more common 
field exposures will disclose that some laboratory freezing procedures produce 
test results which are of doubtful utility as estimates of the durability of 
concrete under actual weathering, and that more agencies should be actively 
investigating the possibility. 


AUTHORS’ CLOSURE 


The authors thank Messrs. Walker and Bloem, and Willis and Murray 
for their discussions, both of which are principally concerned with a pro- 
cedure for adjusting data presented by E. J. Callan in 1952.! Since our 
description of the mechanics and concept of Callan’s adjustment, as written 
was not clear to the discussors, their correct and extended discussions of it 
are desirable contributions. Both pairs of discussors appear to have neglected 


*Note that the regression lines for the unadjusted Kennedy-Mather data had positive slopes, indicating (if 
anything) a direct—rather than an inverse—relation between DFE and AC. 
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Callan’s statement of the limited intent and application of the adjustment: 
“These results should be construed only as a general indication that the 
DFE-AC relationship holds for these combinations, although hidden in the 
actual results due to the effects of other factors affecting the over-all concrete 
quality.’’? 

We regret that Walker and Bloem regard us as intending to support, to 
a degree not justified by the evidence, the idea that ‘the greater the difference 
between the thermal coefficients of the coarse aggregate and the mortar, the 
less able is the concrete to resist temperature changes and particularly freezing 
and thawing.’’* Later in this discussion we will review the evidence. We 
stated‘ that “It should be noted from both large and small beams that other 
characteristics of aggregates and concretes were of sufficient magnitude to 
completely reverse the apparent correlation between DFE and differences 
in coefficient of expansion for the 48 aggregate combinations in this series. 
It would also appear that each aggregate combination should be evaluated 
through tests made on concrete containing that combination and no combi- 
nation should be given a clean bill of health or condemned because of any 
specific value for AC.” Later we wrote:' “Little correlation between AC 
and durability factor was found, because other properties of the aggregate 
exerted more important influences.”” We believed that the passages just 
quoted should have made it clear that we held no brief for accepting or reject- 
ing coarse aggregates only because they differ appreciably in thermal coefficient 
of expansion from the mortar to surround them. 

As Walker and Bloem indicate, we found® that there was no correlation 
between DFE’s of small beams tested in the laboratory and in the field, or 
between small laboratory and large field beams, but good correlation between 
the DF E’s of the two sizes of beams tested in the field. We tried to evaluate 
the features of the concrete and the properties of the aggregates that seemed 
likely to be causally related to differences in results in the two exposures. 
We believed that it would be apparent that we were more impressed by the 
lack of correlation in the raw data than by the adjusted data. If we had 
accepted the correlations in the adjusted data as heartily as Walker and 
Bloem appear to assume, no explanations of differences in results would have 
been required. The space devoted in the paper to the results of the exami- 
nation indicates the importance we attached to the differences in results in 
the two exposures, and to the departures of actual results from results 
expected, if differences in thermal coefficient. between coarse aggregate and 
mortar had had a major influence on resistance to freezing and thawing 
and natural weathering. 


After burying Callan’s adjustment at the crossroads with a stake through 
its heart, Walker and Bloem present an eloquent argument in favor of pro- 
portioning concrete mixtures for durability testing with constant cement 
factor rather than constant water-cement ratio. We believe both methods 
are defensible and the choice between them is largely subjective. The conse- 
quences of selecting constant water-cement ratio are that aggregate combi- 
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nations with more desirable particle shape will have lower cement factors, 
and aggregate combinations with less desirable particle shape will have 
higher cement factors with some advantage in quality of cement paste. The 
consequences of selecting constant cement factor are that combinations 
with more desirable particle shape will have lower water-cement ratios with 
some advantage in quality of cement paste, while combinations with less 
desirable particle shape will have higher water-cement ratios. If the water- 
cement ratio is fixed, smooth surfaced, equidimensional rounded gravel and 
sand combinations require less cement for a given slump; if the cement factor 
is fixed, such combinations require less water. Either choice is in a sense 
discriminatory; unless it is possible to test every combination in concrete 
proportioned in both ways, definitions of what Walker and Bloem wisely 
call “practical comparability” will be in part subjective. 

Walker and Bloem emphasize the difference that we had noted’? between 
the constantly wet condition of the beams tested in the accelerated freezing- 
and-thawing apparatus and the fluctuating, generally drier, condition of 
the beams at Treat Island. In the Treat Island exposure, they regard the 
314 x 414 x 16-in. beams as comparable in moisture condition to the 6 x 6 
x 30-in. beams. Since each small beam has 1.12 sq in. of surface per cu in. 
of volume while each large beam has 0.73 sq in. of surface per cu in. of volume, 
it seems more likely that the fluctuations of moisture condition in the large 
beams ran parallel with those of the small beams but were less extreme. 


Wetting and drying in each size of beam in the Treat Island exposure compli- 
vates and probably increases moisture movement in the concrete, and the 
moving water contains more dissolved material than the water in the specimen 
containers of the laboratory apparatus. 


THE HYPOTHESIS OF THE INVERSE RELATION BETWEEN DFE AND AC 


It is our intention here: (1) to review some of the history of the concept 
that an inverse relation exists between DFE and AC, and (2) to draw attention 
to the specialized circumstances in which we believe it possible for differences 
between thermal coefficients of coarse aggregate and mortar recognizably to 
influence resistance of concrete to freezing and thawing. 

In 1939 Hornibrook, and Willis and De Reus, briefly discussed* whether 
resistance of concrete to freezing and thawing might be adversely affected 
by large differences in coefficient of expansion between the aggregate and the 
“cement matrix.” J. E. Pearson’s “‘A Concrete Failure Attributed to Aggre- 
gate of Low Thermal Coefficient’’® is the reference most frequently cited 
in discussions of the effects of thermal coefficients of concrete constituents; 
it describes a failure of cast stone that was attributed in part to stresses 
set up by differences in thermal expansion between the aggregate and the 
cement matrix. Pearson called attention to several factors in the exposure 
and in the concrete that were either unusual or inherently disadvantageous; 
these are worth recalling since this is the best documented instance of a 
failure in service that has been attributed to thermal expansion. First, the 
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steps were unusually dense concrete cast in midsummer, so that internal 
stresses in each step presumably increased as the ambient temperature de- 
creased. Second, the drainage of the steps and their mortar bed was poor, 
so that the steps were wet when freezing and thawing occurred. Third, the 
outer surfaces of the steps were dressed to expose the aggregate. Fourth, 
the aggregate was fairly coarse-grained dolomitic marble; crushing such a 
rock would open the cleavage planes of some of the dolomite crystals; exposed 
aggregate on the surfaces of the steps probably had some slightly opened 
cleavage planes arranged so that water standing on the surface of the steps 
could enter them. These features place the instance outside of the range of 
most pavement or structural concrete. 

The test specimens that Pearson made to investigate his hypothesis con- 
tained Ottawa sand and four different coarse aggregates of low thermal co- 
efficient—two marbles, calcite, and Vycor glass. The differences between 
the thermal coefficient of the mortar (6.5  10-° approximately) and those 
of the aggregates (— 1.2 to + 2.5 * 10-* in the range from — 25 to + 75 F) 
were between 4 and 8 X 10-° per deg F. All of the specimens expanded 
more than 0.1 percent in 40 cycles of laboratory freezing and thawing in 
water, but the glass and calcite had smoother particle surfaces and concrete 
made with them failed more quickly than that made with the two marbles. 
The test specimens had the following unusual features: (1) fine aggregate 
was Ottawa sand having a grading different from that normally used in 
concrete, (2) coarse aggregates were of types not normally used in concrete, 
and (3) the coarse aggregate particles had unusually smooth surfaces. 

Some of the discussors of Pearson’s paper were thinking in terms of 
differences in thermai coefficients between aggregates and other constitutents 
of the concrete, as the quotations below illustrate. 

“Mr. Pearson has now commendably pointed out another cause of disintegration, namely, 
that which results when, under certain conditions of exposure, the thermal expansivity of the 
aggregate is incompatible with that of the associated materials.’’!° 

“High internal stresses must occur when materials with widely different thermal expansions 
are yoked together and then subjected to alternations in temperature, and it is axiomatic 
that such a condition would induce strains contributing to failure.’’!! 

“It is very evident that if the coefficient of the aggregate be very greatly different than 
that of the cement paste, whether higher or lower, it would tend to set up destructive stresses 
in the concrete in the first case at the higher temperatures, in the second, at the lower.’’!? 

(The italics are by Kennedy and Mather, not the authors quoted.) 

Reagel and Willis'* recommended tests to separate the effects of differential 
thermal. expansion from the effects of wet freezing and thawing; Pearson" 
took up this pertinent suggestion and made tests of bars air-dried for 8 weeks 
and then frozen and thawed in air. Three coarse aggregates were tested 
in concrete mixtures of constant water-cement ratio with Ottawa sand fine 
aggregate; the coarse aggregates were Maryland marble, Vycor glass, and 
Ohio silica pebbles. After 50 cycles, the bars with marble and glass coarse 
aggregates had lost 40 to 50 percent of their original modulus of elasticity 
while the bars with silica pebbles had lost less than 10 percent of their original 
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modulus. The cement contents of the three mixtures were 5.64 bags per cu 
yd in the glass concrete, 6.15 in the silica pebble concrete, and 6.57 in the 
marble concrete. 
Callan’ described an investigation intended to explain some apparently 
anomalous results of laboratory freezing and thawing tests. He reviewed 
the available test data on the concretes and aggregates involved and con- 
ducted correlation analyses to obtain measures of the relationship between 
durability factor of the concretes and difference in thermal coefficients of 
the coarse aggregates and mortars, both with and without simultaneous 
consideration of the absorption of the coarse aggregates. The results of his 
analyses for 78 combinations of 22 coarse and 29 fine aggregates may be 
summarized as follows: 
(a) Multiple correlation coefficient of DFE with AC and absorption of coarse aggregate: 
R = 0.719 

(b) Partial correlation coefficient of DFE with AC, absorption eliminated: 
DFE, AC Abe = 0.5976 

(c) Simple correlation coefficient of DFE with AC, disregarding absorption: 
r = — 0.6165 

It should be emphasized that all that a correlation coefficient provides is 
a measure of the degree of relationship between variables; it does not provide 
information about the reasons for the relationship nor about cause and effect. 

By squaring a correlation coefficient one obtains a coefficient of determi- 
nation, a measure of the extent to which the variance of the dependent variable 
is determined by the variance of the independent variable, if it may be assumed 
that the two variables are causally related.'® If it is assumed for the moment 
that durability factor is causally related to AC and to absorption of coarse 
aggregate, and coefficients of determination are calculated from the data of 
Callan’s paper, they are: 

(a) Coefficient of multiple determination of DFE by AC and absorption of coarse 

aggregate = 0.719% = 0.517, or 52 percent 

(b) Coefficient of determination of DFE by AC alone = — 0.6165? = 0.380 or 38 

percent 
Thus, even if it is conceded that DFE is causally related to AC and absorp- 
tion, only 52 percent of the variation in DFE in the tests that Callan reported 
may be explained by variation in AC and absorption; and for the simple 
correlation between DFE and AC only 38 percent of the variation in DFE 
in the data of Callan’s paper may be explained by variation in AC, leaving 
62 percent still to be explained. 

Such was the situation in laboratory tests in an environment permitting 
little change in the nearly saturated condition of the concretes, among a series 
of aggregate combinations of restricted lithologic range and consequently of 
restricted range in thermal, mechanical, and chemical properties. With cor- 
relations no more intense than those found in Callan’s data, departures from 
either the test environment or the restricted lithologic range may be expected 
to conceal or destroy the relation between durability factor and difference in 
thermal coefficients. The tests that we described departed from the restricted 
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environment by including the Treat Island exposure, and departed from the 
restricted lithologic range by including aggregates of varying capacities for 
cement-aggregate reaction, varying moduli of elasticity, and in one case at 
least, swelling clay. Since it seems inescapable that the durability or non- 
durability of concrete is almost always a result of combined causes, it is not 
surprising that the relation did not emerge. 


We wish to correct an error on p. 152 of the paper. In the last sentence 
of the last paragraph of the section on test results, the first portion reading 
“Except for limestone-coarse-aggregate concrete, where the average DFE of 
large beams was slightly lower than that of small field beams’”’ should be de- 
leted and the sentence should read: ‘‘The DFE was higher for large beams 
than for small beams at Treat Island.” 

Attention may also be called to the fact that the coarse aggregate referred 
to elsewhere in our paper as “river-terrace gravel” is designated as ‘non- 
chert gravel’ in Fig. 11 and 12 (pp. 157 and 158), which were reproduced 
from Callan’s closure.! 
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of Significant Contributions in Foreign and Domestic Publications 


Dams 


Concrete arch dam, 98 m high constructed on 
Santiago River (Presa de concreto de 98 
metros de altura y forma planimetrica en arco 
construida sobre el Rio Santiago) 


Epvarpo Rosas G., Ingenieria Civil (Mexico), No. 31, 
May 7, 1952, pp. 403, 424 
Reviewed by Francisco J. Corpova 

Description of the 98 m high Colimilla 
Dam recently completed in Mexico. The 
total project consists of the dam, an intake 
tower 30 m high, and an intake tunnel 2 km 
long connecting to the powerhouse by means 
of four pentstocks. Four turbines of 18,000 
hp each are installed in the powerhouse. 

Design and construction of the dam are 
described and special emphasis is placed on 
the concrete operations. The analysis of 
design determined the maximum stresses 
expected which are 35 kg per sq em in com- 
pression and 5 kg per sq cm in tension. 
Concrete mixes were designed for a minimum 
strength of 180 kg per sq em at 28 days. 
Design was based on the Hanna method. 

Concrete aggregates were furnished by a 
crushing plant near the dam site. The 
hourly production was 40 tons of coarse 
aggregate, 34-114 in., and sand. A natural 
blending sand was added to improve work- 
ability of the mass. A laboratory at the site 
controlled all concrete operations. Pozzo- 
lanic cement was used in the project and the 
maximum quantity of pozzolanic material 
allowable was 25 percent of the total cement 
content. Metallic forms were used. Con- 


crete was placed by vibration in lifts of 1.20 
m. Water sprays were used for curing, and 
the outside surfaces of the concrete were 
maintained wet for a minimum of 30 days. 


Chief Joseph arises 
Engineering News-Record, V. 150, No. 25, June 18, 
1953, pp. 40-44 
Reviewed by 8S. J. CHAMBERLIN 

Chief Joseph Dam on the Columbia River 
consists of two separate units with two con- 
struction outfits: a main dam including 981,- 
000 cu yd concrete, and an intake and 
powerhouse structure involving 890,000 cu yd. 
Site conditions gave considerable trouble in 
water diversion. Satisfactory aggregates is 
obtained three miles from the site with the 
two contractors working different plants. 
One uses a great deal of automatic equip- 
ment with only three men in the pit where 
an electric shovel feeds a conveyor. An 
operator in the top of the screening tower 
controls all conveyors. Each sized-aggregate 
pile has a reclaiming tunnel with a conveyor 
feeding directly into a truck and controlled 
by the truck driver from his cab. Production 
of this plant is 400 tph. Materials for the 
straight mass concrete dam are handled by 
cableways from two head towers to a common 
tail tower while those for the powerhouse 
and intake are handled by crawler cranes, 
whirlers and a huge walker with a 205-ft 
boom. Both cranes and cableways get their 
concrete from railroad cars that shuttle from 
concrete plants. 


*A part of copyrighted JouRNAL OF THE AMERICAN ConcreTE InstiruTE, V. 25, No. 2, Oct. 1953, Proceedings 
V. 50. Address 18263 W. MeNichols Rd., Detroit 19, Mich. Where the English title only is given in a review, 
the book or article reviewed is in English. If it is followed by a foreign title the work reviewed is in that lang 
In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 
original article is indicated in parenthesis following the English title. Copies of articles or books reviewed are not 
available through ACI. In most cases they can be obtained direct from the original publishers. Address, when 


available, will be furnished by ACI on request. 
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Claerwen Dam 


Proceedings, Institution of Civil Engineers (London), 
V. 2, Part I, No. 3, May 1953, pp. 249-307 
Reviewed by Aron L. Mirsky 


Part 1—Design 
H. D. Moraan, pp. 252-259 


Part 2—Construction 
P. A. Scorr and R. J. C. Watton, pp. 259-279 


Part 3—Construction plant and methods 

R. H. FALKINER, pp. 279-288 

This mass concrete gravity dam in central 
Wales is about 200 ft high and 1066 ft long. 
The core is of mass concrete; the downstream 
facing is of masonry, the upstream facing of 
masonry for the upper portion and of blue- 
brick facing for the remainder. The argil- 
laceous shale foundation required pressure 
grouting. 

Numerous difficulties encountered 
and overcome. Foreign stonecutters had to 
be imported from Italy to prosecute the 
masonry portion. The 6-in. maximum size 
of aggregate resulted in a harsh mix; mathe- 
matical design of the mix was tried and aban- 
doned, and a 1:3:7 mix (by weight) was 
finally adopted for the core, plus wetting 
agents (admixtures). The low-heat cement 
used caused some difficulty in cold weather. 
Shortages of steel and timber resulted in the 
substitution of precast prestressed arches for 
the reinforced concrete roadway arches over 
the dam. Friction, claimed to be due to the 
deformation of the plastic sheathing used, 
saused difficulty during the prestressing. 


were 


Three scale models were built at the site to 
aid in the design and calibration of the spill- 
weir. 

A short appendix (pp. 288-290) presents a 
mathematical method for the design of a 
dam section to give a constant maximum 
stress. The method, suggested by Prof. A. H. 
Naylor, is claimed to be more rational for 
high gravity dams than the usual middle- 
third rule. 


Design 


Some problems in the design of statically in- 

determinate structures of prestressed concrete 

(in French) 

Y. Guyon, Ingenieur, V. 64, No. 21 and 23, 

and June 1952, pp. 29-35 and 37-42 

APPLIED MeEcHANICS REVIEWS 
Jan. 1953 (Viest) 


May 
Author deals first with the properties of 


the pressure line which is defined as the line 
connecting points located in each cross section 
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at a distance ZH = M/F from the centroidal 
axis, where F is the prestressing force in the 
rable, and M is the moment caused by the 
force F and by the reactions of the continuous 
beam resulting from prestressing alone. It 
is pointed out that the pressure line does not 
coincide with the cable, which presents a 
major difficulty in the design of statically in- 
determinate structures of prestressed 
crete. 


con- 


After setting certain rules for finding the 
pressure line, author various 
methods of determining the shape of the 
individual If it is desired to cover 
both the negative and positive moments with 
the same cable, either the cable must be 
curved or the section must vary. 
Frequently, the structures are prestressed 
with the straight cables for the positive 
moments and with curved placed 
individually over each support, so-called cup 
cables, for the negative moment. This last 
method is especially suitable for a continuous 
beam built up of individually cast simple- 
span beams. 


discusses 


cables. 


cross 


cables 


It is pointed out that appreciable economy 
may be achieved if spans of different lengths 
are used. The economy is small with light 
beams, considerable with heavy beams and 
portal frames. A number of other advantages 
of statically indeterminate structures are 
discussed. A discussion of the friction in 
curved cables concludes the paper. 


Simplified calculation of a cylindrical arch 
shell (in Russian) 
K. Szmopits, Acta Techn. Hung. (Budapest), V. 2, 
No. 2-4, 1952, pp. 449-460 
AppLiep Mecuanics Revirws 
Mar. 1953 (Sergev) 
Rigorous flexural theory of cylindrical arch 
shells assumes the material composing the 
shell is isotropic. Application of this theory 
of reinforced concrete shells contradicts the 
usual assumption that, in members subjected 
to bending, concrete does not resist tensile 
stresses. Using latter assumption, author 
develops a new theory based on elementary 
theory of deformation, which is justifiable 
owing to the wide latitude in determining 
the modulus of elasticity of concrete. He 
considers this a more realistic approach. 
Calculations by different theories show bend- 
ing moments about generatrix, which de- 
termine the loading, differ from each other 
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by negligible amounts, 
slightly on the indefinite 
of elasticity of concrete. 
applicability 


and depend only 
value of the modulus 
This fact confirms 
of the different theories, 
practical considerations favor 
theory. 


and 
the simplest 
Author cites good agreement be- 
tween his theory and observation of defor- 
mations made on many _ constructed 
structures. 


Design of indeterminate structures by the 
“plastic’’ method 


R. Gartner, Concrete and Constructional ea 
ge gs V. 48, No. 1, Jan. 1953, pp. 3-8 
, Feb. 1953, pp. 85-94 


Reviewed by G. L. Cu1pMan 


Describes the “plastic” method of design 
for continuous beams and rigid frames. The 
plastic stage will coincide with the peak 
points of the moment line so that these 
points will eventually behave as hinges and 
are called plastic hinges. 

The author lists the following advantages 
for this method: 
innumerable 


(a) easier calculation, since 
values are permitted, instead 
of the exact solution of simultaneous equa- 
tions; (b) elimination of the peak points of 
the moment diagram, which sometimes make 
the construction clumsy; and (c) liberty to 
choose the most economical and acceptable 
construction by being able to place the 
plastic hinges more or less anywhere. Several 
examples are presented and a list of references 
is given. 


Flexure of double cantilever beams 

F. E. Wo.osewick, Separate No. 158, V. 

ings, ASCE, Nov. 1952, 12 pp., $0.50 
AUTHOR'S SUMMARY 


78, Proceed- 


A cantilever beam is a simple structural 
element. When two cantilever 
right angles to each other are joined rigidly, 
a complicated structure results. Each canti- 
lever beam is subject to torsion and bending. 
Since concrete is weak in torsion, and existing 
steel shapes are unsuitable for resisting high 
torsional stresses, it is important to determine 
the correct magnitudes of torsional moments 
in such supporting members. 


beams at 


Conventional supporting members have 
average height-to-depth ratios. For such 
the elastic functions are small. 
Consequently, torsional moments will be 


sections 
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high and must require careful consideration. 
As these elastic functions increase numeri- 
cally, torsional moments have secondary 
effects. The resulting equations have been 
arranged in such a manner that for any 
loading conditions, evaluation of forces can 
be accomplished by direct substitution and 
by simultaneous 


solutions of necessary 


equations. 


Materials 


Investigation of durability of Wyoming aggre- 
gates 


Rosert LANDGREN 
ings, Highway 
202-217 


and Haroup 8. Sweet, Proceed- 
Research Board, V. 31, 1952, pp. 


AvuTHORS’ SUMMARY 


Laboratory studies of aggregate and con- 
crete were initiated after field performance 
surveys indicated significant 
terioration in certain areas of Wyoming. 
Studies to determine causes of deterioration 
were made, and simulated weathering tests on 
containing aggregates were 
conducted. The tests indicated three of the 
aggregates were potentially reactive with 
cement alkalies; use of cement with low alkali 
content or of pozzolanic admixtures is indi- 
cated. One aggregate also caused rapid 
concrete deterioration under freezing and 
thawing action, wetting and drying, or rapid 
temperature change. 


concrete de- 


concrete these 


Resistance to these 
effects was also improved by pozzolanic ad- 
mixtures. Two other aggregates, not alkali 
reactive, were also affected by rapid tem- 
perature-change tests. Further study of the 
effect of rate of temperature change on con- 
crete deterioration indicated that too rapid a 
change in laboratory tests may introduce fac- 
tors not present in natural weathering condi- 
tions. Some exploratory data on possible 
chemical factors entering into temperature- 
change tests are also presented. 


First H.M.S. application to gravel industry in 
the United States 


W. L. Price, Rock Products, V. 5€ 
pp. 96-99 


3, No. 4, Apr. 1953, 


Reviewed by G. L. CurpMan 


Describes the design and operation of 
heavy-media separation plant which removes 
soft and porous gravel, and foreign materials 
such and clay, to improve 
gravel quality. 


as coal, wood, 
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Tests of blends of portland cement with masonry 
cement 
Technical Memorandum No. 6-359, Waterways Experi- 


ment Station, Vicksburg, Miss., May 1953, $1 
AvuTHOR’s SUMMARY 
This investigation was conducted to de- 
termine the suitability of masonry cement 
blended with portland cement for use in con- 
crete construction. Tests were made on 
three types of commercially manufactured 
masonry cements; one with a limestone base, 
one with a natural cement base, and one with 
a water-quenched blast-furnace slag base. 
The investigation included the making of 
physical and chemical tests on the portland 
and masonry cements alone and in blends, 
in pastes, mortars, and concrete. 


Lightweight aggregate from Pacific Northwest 
clays and shales 
Roger R. Ritey, J. l. Mvevuer, and H. L. Saaprro, 
The Trend in Engineering at the University of Washing- 
ton (Seattle), V. 5, No. 2, Apr. 1953, pp. 5-9 
Reviewed by Aron L. Mirsky 
Bloating characteristics of various Pacific 
Northwest clays and shales were studied, 
both by short-term tests and by use of a 20-ft 
rotary kiln developed during the study. Re- 
sults of the short-term tests were found to 
give good correlation with the production 
tests; the kiln was found to produce aggre- 
gate comparing favorably with commercial 
aggregate; and it was found that four samples 
merit further testing with a view to produc- 
tion on a commercial scale. 


Flame method of estimating cement content of 
soil-cement and pozzolan-cement mixtures 
E. R. Srreep and V. N. Srott, ASTM Bulletin, 
No. 189, Apr. 1953, pp. 58-60 
Reviewed by G. L. CurpMan 

A method of estimating the cement con- 
tent of soil-cement. and pozzolan-cement mix- 
tures is described. A flame spectrophoto- 
meter is employed to determine the calcium 
concentration from which the cement content 
is estimated. 


A preliminary evaluation indicates that 
the method is a simple rapid means of check- 
ing the cement content of plant-blended 
pozzolan-cement mixtures as well as that of 
soil-cement field mixes. A reference list is 
included. 
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Pavements 


Design of concrete pavements 
Marspen G. Dempster, Commonwealth Engineer 


(Sydney), V. 40, No. 5, Dec. 1, 1952, pp. 194-199 

The direct design of slabs through the 
use of a chart derived by a new method of 
analysis is presented. Author applies prin- 
ciples of structural design in the derivation 
of the basic formula. Derivation is based on 
a diagonal plane slab under the action of a 
wheel load at the corner. The analysis in- 
cludes the upward pressure from the com- 
pressed base. The influence of adjacent 
slabs, as in a highway pavement, is brought 
out and the author feels that the reduction 
in stress is too variable to make a general 
allowance. 

Author’s method of analysis does not 
approach actual conditions of loading, 7.e., 
square slabs with load at the corner instead 
of diagonal slabs. 


Concrete surfacing for roads 

Engineering News-Record, V. 149, No. 23, Dee. 4, 1952, 

— ARBA TecunicaL INFORMATION DiGEsT 
Jan. 1953 

Until recently, concrete was looked upon 
as a complete paving unit when laid over 
reasonably stable soils. Studies carried on 
in New Jersey and California indicate that 
concrete paving may be developing into 
simply a top layer for a two, three, or even 
four-layer pavement. To prevent pumping 
and frost action on U. 8. Route 22, the main 
east-west highway in New Jersey, the pave- 
ment was constructed of 10 in. thick, plain 
concrete slab, laid on 4 in. of crushed stone 
and 8 in. of bank run gravel. Concrete 
pavements in California on main highways 
are being laid directly on a_ soil-cement 
subgrade. 

Future construction 
stressed concrete slabs. 
promise however, particularly from the 
economic angle, would be experimenting 
with thinner slabs and thicker bases. New 
Jersey has taken the first step. On Route 
25, an 8 in. thick reinforced concrete pave- 
ment has been laid on a 7-in. base and 5-in. 
subbase of carefully graded granular material, 
all of which was laid on a 6-in. subgrade of 
selected material. 


may include pre- 
Of more immediate 
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Dynamic testing of concrete pavements with 
the Soniscope 


Ricuarp C. Meyer, Proceedings, Highway Research 
Board, V. 31, 1952, pp. 234-245 
AvuTHOR’s SUMMARY 


The Kansas Highway Commission has been 
conducting investigations of concrete pave- 
ments and test specimens using the Soniscope. 
Eight experimental pavements have been 
constructed, each of which is made up of a 
number of test sections of varying composi- 
tion. One pavement consisting of 60 sections 
containing several pozzolanic additions and 
five different brands of cement con- 
structed to study the reactive expansion of 
concrete. Sections of the other test roads, 
some of which were air-entrained, contain 
coarse and finely ground cement along with 
several types of aggregate. The purpose of 
these roads was to study strength gaining 
qualities of various concretes, and how they 
could be improved. 

Sound velocity determinations have been 
made periodically with the Soniscope on all 
test projects, and a sound velocity history 
is being maintained for the different sections. 
It is believed that changes in the modulus of 
elasticity, and hence in the sound velocity, 
are indicative of changes in quality of con- 
crete. Such a history could therefore be used 
to check concrete for progressive improve- 
ment or deterioration. 

A number of old pavements were investi- 
gated with the Soniscope and an effort was 
made to correlate the velocity of sound with 
the degree of deterioration of the concrete. 


was 


Performance of concrete pavements with 90-ft 
contraction joint spacing 

Cuarites N. Gaytorp and Criype N. Lauenter, 

Bulletin No. 3, University of Delaware Engineering 
Experiment Station, July 1952, 20 pp., 


Reviewed by ARON L. Mirsky 


Presents results of a two-year study of 
five sections of pavement. Two sections (7 
and 8 in. thick respectively) were unrein- 
forced; the other three (two being 8 in. thick, 
and one a dual highway with 9 in. traffic 
lanes and 8 in. passing lanes) were rein- 
forced. The sections were constructed with- 
out expansion joints; contraction joints were 
the weakened-plane type, undoweled, spaced 
90 ft apart. Longitudinally all sections were 
built as two independent lanes. 

At the end of the observation period, riding 
qualities of all five sections were excellent. 
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There were some cracks, those in the rein- 
forced sections being tightly while 
those in the plain concrete sections were open 
as much as 4 in. 


closed 


Structural behavior of heavy-duty concrete air- 
field pavements 


R. R. Puiuipre and F. M 
Highway Research Board, V. 31, 


. MELLINGER, Proceedings, 
1952, pp. 87-100 
AvuTHors’ SUMMARY 
The Corps of Engineers test program of 
full-scale concrete pavements, originally de- 
Highway Research Board Pro- 
ceedings V. 24, is brought up to date in this 
paper. Accelerated traffic 
completed on two full-scale test pavements. 
The traffic loadings applied were 150,000 Ib 
with a single wheel and a four-wheel or twin- 
tandem-gear configuration. In 
the single-wheel loading, only 
results are given. A complete 
of the test pavements for the multiple or 
twin-tandem-wheel loading is _ presented. 
Test results include the crack-pattern de- 
velopment, as well as strain 
measurements at selected intervals throughout 
the traffic loading. Comparative strains pro- 
duced in a 20 in. thick pavement are given 
for the single and multiple loadings. Results 
are summarized on a chart showing tenta- 
tively 
quired for a given number of load repetitions. 


scribed in 


tests have been 


the case of 
limited test 
description 


and deflection 


the percent of design thickness re- 


Birmingham, Michigan, goes concrete 

L. R. Gare, The American City, June 1953, p. 104 
ARBA TecunicaL INFORMATION DIGEST 
July 1953 
An alarming increase in maintenance costs 
caused by the 
streets in the spring resulted in a demand 
for a thorough reappraisal of Birmingham’s 
street The study took into 
consideration two types of construction: a 
flexible with 
concrete curb and gutter, and a portland 


condition of some of the 


construction. 


base and bituminous surface 
cement concrete pavement. 

The study disclosed that the first cost of 
the concrete design with integral curb would 
be about equal to the bituminous design and 
would have greater life and require less main- 
As a result, the city 
approved the use of a thin-slab, 
edge concrete pavement 
curb. 


commission 
thickened- 
with integral roll 
A pavement width of 29 ft has been 
adopted, using air-entraining 
without reinforcement. 


tenance. 


cement and 








JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


Precast concrete 


U. S. Corps of Engineers regulations for the use 
of concrete masonry 
D. L. Cuaney, Concrete, V. 61, No. 2, Feb. 1953, 
pp. 8-10 

Corps of Engineers specifications regard- 
ing concrete masonry are discussed from the 
viewpoint of the block producer. The feature 
of the specifications affecting the block manu- 
facturer the most is that the moisture content 
of the block is not to exceed 30 percent of the 
maximum absorption. A discussion of the 
value of the 30-percent block in reducing 
cracks is given, and production problems, 
particularly methods of drying units, are 
considered. 


Use of prefabricated reinforced concrete ele- 
ments in construction (in Swedish) 
Beato Ke.opuvu, Tekniska Foreningens i Finland 
Forhandlingar (Helsinki), No. 2, 1953, pp. 27-35 
AvTHOR’s SUMMARY 
Author points out the advantages of pre- 
cast construction and the saving possible in 
construction costs, as well as the advantages 
in shortening of building time, better quality, 
and continued construction during the 
winter, especially in Finland with its cold 
and hard climate. Emphasizing the field of 


industrial buildings, several examples are 
given of the practice in ordinary precast 
reinforced concrete, e.g., thin-shell rib panels, 
as well as in prestressed reinforced concrete. 


Precast panel walls for small homes 
Engineering News-Record, V. 150, No. 17, 


Apr. 23, 
1953, pp. 46-47 


Two projects using precast wall construc- 
tion in small residential construction are 
described. In both cases the walls were cast 
on plywood laid on the floor slab. One 
method used an exterior and interior layer of 
concrete with 114-in. thick cellular-glass in- 
sulation between the layers at costs as low 
as 80 cents per sq ft of wall area. The other 
house, built entirely of precast elements, in- 
cluding partitions and roof, utilized light- 
weight foam concrete in the walls, at a cost of 
97 cents per sq ft of wall area. Both projects 
erected walls by the tilt-up method. 


October 1953 


Automatic continuous curing kiln 
L. Davip Minsk, Rock Products, V. 56, No. 4, Apr. 


1953, pp. 213-215 
Reviewed by G. L. CuIpMAN 
A block plant in Madison, Wis., cures 
block in a 400-ft continuous kiln which is 
completely automatic in operation. Handling 
block from machine to kiln is also mechanized 
to reduce costs. 


Prestressed concrete 


Cable trusses prestress bridge 
Engineering News-Record, V. 150, No. 18, Apr. 30, 


1953, pp. 50-55 

A new arrangement of steel cables in pre- 
stressing the Villeneuve-St. Georges bridge 
is described. Cables are placed in a truss- 
like arrangement in three-cell hollow girders. 
This allows for the inspection or adjust- 
ment of the tension steel at any time. Changes 
in direction of the cables are accomplished 
by bending them around concrete or steel 
struts. The struts are hinged at the base 
so as to permit rotation. 

The bridge is of cantilever construction 
with a 256-ft prestressed hollow-girder center 
span incorporating a 128-ft suspended span 
and anchor arms of 135 ft. (See also Annales 
des Ponts et Chaussees (Paris), V. 123, No. 1, 
Jan+Feb. 1953, pp. 9-48, reviewed in ACI 
JouRNAL, V. 49, June 1953, p. 978.) 


Massachusetts Department of Public Works 
program in prestressed concrete bridges 


WituiaMm A. HEenpERSON, Journal of the Boston Society 
of Civil Engineers, V. 40, No. 2, Apr. 1953, pp. 85-100 
Reviewed by Aron L. Mirsky 
Prestressed concrete was resorted to, in 
the Massachusetts program of highway and 
bridge construction, primarily because of the 
shortage of steel resulting from the Korean 
situation and not for reasons of economy. 
Once it was adopted, however, the Depart- 
ment of Public Works embarked on an ad- 
venturous program of design, starting with 
the Endicott Street bridge in Danvers (com- 
posite type: concrete-filled troughs formed of 
prestressed inverted-T sections) and pro- 
gressing to a multispan continuous slab 
bridge using the Leonhardt system, in an as 
yet undetermined location. Article briefly 
reviews the lessons learned in the course of 
design, bidding, and construction. 
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Experimental determination of strains in pre- 
stressed concrete pipe as a proof of theory 
S. Wornowsky-Kriecer and R. J. A. Porvin, The 
Engineering Journal (Montreal), V. 36, No. 3, Mar. 
1953, pp. 230-235 

Reviewed by Aron L. Mirsky 

Strains were measured on an experimental 
prestressed concrete pipe under hydraulic 
loading, using SR-4 strain gages. Results 
were generally in good agreement with 
theoretical values, the authors explaining 
certain apparent abnormalities in the stress 
curves as due to a mechanical hysteresis 
phenomenon observed in the _ concrete. 
Differences in readings of gages are demon- 
strated to be due to the initial ellipticity of 
the pipe. 

It was found that when a certain pressure 
was exceeded, longitudinal microcracks were 
developed which permitted some seepage, 
but the pipe did not burst. Furthermore, on 
reduction of the pressure the seepage ceased. 
This was repeated several times, with similar 
results—no seepage below the pressure 
recorded for initial seepage, seepage when 
that pressure was exceeded. Authors con- 
clude that prestressing in effect provides a 
safety valve; overpressure does not burst 
the pipe, but causes seepage which results 
in a reduction of pressure. 

Authors conclude also, on the basis of the 
strain readings, that no longitudinal steel is 
needed to resist water pressure, though its 
presence might be desirable for other reasons. 

The determination of the modulus of 
elasticity of the hard drawn steel wire is 
discussed in an appendix. 


Beams prestressed for fast erection of mezzanine 
F. W. Wiicox, Engineering News-Record, VY. 150, 


No. 26, June 18, 1953, pp. 32-36 
Reviewed by 8. J. CHAMBERLIN 
Use of precast reinforced concrete columns 
and 23-ft prestressed girders supporting 
prestressed beams at their ends and midpoint 
speeded construction and by-passed threat- 
ened shortages in structural and reinforcing 
steel for a 300 x 375-ft mezzanine inside of 
an existing building. Casting and prestress- 
ing were done on a concrete apron near the 
building with rolling sheds used to protect 
operations from the winter weather. Flexible 
metal tubing housed the 1%-in. bars which 
were prestressed to 100,000 Ib at four days 
when the concrete had attained a strength of 


4000 psi. After the bars were tensioned, grout 
was forced into the tubing for bond. Connec- 
tion between column, girders, and beams was 
made by prestressing 7-in. hairpin rods pro- 
truding from the column to 6800 lb and then 
tightening nuts against a steel plate. A 
horizontal bolt tied the overlapping ends of 
girders and end of beams together. Wood 
block flooring on metal decking completed 
the construction. 


Factories for prestressing: big business in 
Pennsylvania 
Engineering News-Record, V. 150, No. 3, Jan. 15, 1953, 
pp. 35-38 

Reviewed by G. L. CurpMan 

In 1950 Pennsylvania approved prestressed 
members for substitution in contracts for 
precast bridges. 

About 73 precast-prestressed bridges have 
been built since that time by Concrete Prod- 
ucts Co. of America, using factory production 
methods, at a delivered price of from $5.00 
to $10.50 per sq ft depending upon the span 
length. 

Factory output can run as high as 500 ft 
of prestressed beams per week. Production 
includes the use of high-tensile wire strands 
on fixed casting beds, wet-placement of con- 
crete, and vacuum processing to reduce 
water-cement ratio. 


Design and construction of the British European 
Airways hangars at London Airport, with 
particular reference to prestressed concrete 


Dup.Ley Hour New, Proceedings, Institution of Civil 
Engineers (London), V. 2, Part III, No. 1, Apr. 1953, 
pp. 15-56 

Reviewed by Aron L. Mirsky 


The design of this facility was the result 
of a “competition,” 


contractors being called 
on to submit lump-sum bids based on their 
own designs. The winning scheme combined 
ordinary reinforced concrete, end-anchored 
(Freyssinet) prestressed concrete, and fully 
bonded (Hoyer) prestressed concrete, plus 
some structural steel, in a harmonious and 
economic whole. Precasting was used ex- 
tensively, due to the many identical struc- 
tural units required. 

Article covers in considerable detail con- 
struction (including plant), design (including 
numerical calculations), and testing. 
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Investigation on air entraining in concrete 
Ince Lyse, Transactions, Fourth Congress, Inter- 
national Commission on Large Dams, Jan. 1951, 
V. ILI, pp. 65-80 (4 volumes, $48 per set) 
AppLtiep Mecnanics Reviews 
July 1953 
The materials investigated consisted pri- 
marily of by-products from the Norwegian 
cellulose industry. These materials were 
compared with well-known air-entraining 
agents such as Vinsol resin and Darex. The 
results showed that the durability of the con- 
crete was primarily affected by the amount 
of air voids in the concrete and only to a 
small degree influenced by the type of air- 
entraining agent. On the other hand, the 
compressive strengths of the concrete con- 
taining air-entraining agents were to some 
degree affected by the type of agent used. 
Low-cost material such as the Norwegian 
tallolje (pine oil), also called liquid resin, 
gave results comparable to the results with 
Vinsol resin and Darex. 


Quality concrete 
Concrete Assn. of India, Bombay, India, 1951, 218 


pp., 7/8 rupees 

A well-illustrated, comprehensive intro- 
duction to modern concreting practices. The 
book deals firstly with the properties of the 
materials which go to make concrete, their 
manufacture and production, test require- 
ments, and methods of storing and handling 
them on the job. Cement, aggregates, water 
and admixtures are discussed in separate 
chapters. 

A chapter is devoted to concrete mix design. 
The fundamental laws and relationships of 
concrete mixes and their application to mix 
design are discussed. The concrete mix de- 
sign procedure recommended follows ‘“Rec- 
ommended Practice for the Design of Con- 
crete Mixes (ACI 613-44).” 

In the last chapter of the book, entitled 
“Field Control of Concrete,” all steps in the 
making of concrete from mixing and trans- 
porting to placing in the forms, compacting, 
and curing are dealt with. Types of equip- 
ment such as crushers, pavers, truck mixers, 
batching plants, buckets and hoists, pumps, 
and vibrators are described and illustrated, 
adding to the value of this section for stu- 
dents. 
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Temperature variation and moisture retention of 

concrete curing methods 

Pati L. Metvitce and R. W, Czanan, Proceedings, 

Highway Research Board, V. 31, 1952, pp. 148-165 
AvuTHors’ SUMMARY 

Electrical methods were used in obtaining 
data on temperature variation and moisture 
retention during curing. Instrumentation 
included a specially designed and built a-c 
ohmmeter for moisture and a standard poten- 
tiometer for temperature. A pilot investiga- 
tion was made on an 8-in. concrete slab 
(2x3% ft) at the University of Virginia. 

Using the experience gained, the same 
method of investigation was utilized on a 
paving project on Route 58 in southeastern 
Virginia to evaluate the relative merit of the 
four curing methods: liquid-membrane seal, 
liquid-membrane seal covered with a lime- 
wash, waterproofed paper, and damp burlap. 
For the purpose of comparison, slabs with- 
out any artificial curing were included in the 
project. Virginia road specifications were 
followed when applicable. Test sections were 
repeated and placed in regular and air-en- 
trained concrete. 

Results indicate that over-all variations in 
temperature and moisture were larger and 
more frequent near the surface while the 
bottom of the slab varied little and infre- 
quently. A relation was established between 
the over-all variations and climatic conditions. 
No major difference in the effectiveness of 
the curing methods on the regular and air- 
entrained concrete could be observed. From 
the results, the order in which the methods 
proved themselves best able to retain mois- 
ture was, on the average: waterproofed paper, 
damp burlap, liquid-membrane seal with 
limewash, liquid-membrane seal, no cure. 
Records indicate the average order of effec- 
tiveness to maintain low and uniform tem- 
peratures to be: liquid-membrane seal with 
limewash, damp burlap, waterproofed paper, 
no cure, liquid-membrane seal. 


Cracking of concrete in the Tuscaloosa Lock 


Bryant Martruer, Proceedings, 


Research 
Board, V. 31, 1952, pp. 218-233 


Highway 

Cracking due to chemical reaction between 
alkalies in cement and unstable silica in the 
aggregate is reported. Chaledonic chert is 
believed to be responsible for the deleterious 
reaction. 
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Allowable stresses in concrete reinforcement 
(Tillatna pa kanningar hos armeringsstal) 
V. Kuvusxosk1, Betong (Stockholm), V. 37, No. 3, 1952, 


pp. 167-186 
Reviewed by Ervinp HoGNestap 

The magnitude of allowable stresses in 
concrete tension reinforcement depends pri- 
marily on structural considerations of safety. 
However, from a durability point of view, 
as well as for esthetic reasons, allowable 
steel stresses must also be limited by the 
width of flexural cracks in the concrete. 

The paper deals primarily with the re- 
lationship between steel stresses, bond 
stresses, and crack widths. The presentation 
is based on information available in the 
literature as well as on an experimental 
investigation by the author. 

The 25 test specimens consisted of two 
parallel reinforcing bars embedded in a 
concrete prism, both ends of each bar being 
free. These steel bars were loaded in tension 
and the strain distribution in the embedded 
steel was measured. Strains in the concrete 
prism and slip at the free ends of the rein- 
forcement were also measured throughout 20 
repetitions of load. Finnish deformed bars 
as well as plain bars, and concrete strengths 
from about 2000 to 6000 psi were involved. 

Equations for the spacing and width of 
cracks in the concrete are derived and the 
author suggests an allowable crack width of 
0.008 in. On this basis it is found that 
allowable steel stresses for deformed bars 
may be increased to about 43,000 psi. For 
plain bars, on the other hand, allowable 
stresses as low as 14,000 psi may be necessary 
to keep the crack width below the limit given. 


Entrained air in concrete 
Perer J. F. Wricut, Proceedings, Institution of Civil 
Engineers (London), V. 2, Part I, No. 3, May 1953, 
pp. 337-358 
Reviewed by Aron L. Mirsky 

A detailed review of the reasons for and 
the effects of entraining air in concrete. 
American experience is drawn on _ heavily 
(of the 20 references cited, 14 are American 

8 of them ACI papers); author notes that 
air entrainment has not become widespread 
in British road practice because frost scaling 
of concrete roads is not a serious problem 
there, first because of the drier mixes used 
and second because of the milder winters, 
the use of de-icing chemicals being required 
only occasionally. 


Applications of air entrainment to the manu- 
facture of concrete products (Application de 
occlusion d'air a la fabrication des produits 
en beton manufactures) 
J. B. Barorn, Revue des Materiaux de Construction 
(Paris), No. 450, Mar. 1953, pp. 99-103 
Reviewed by Puiture L. MELVILLE 

A thorough review of the properties and 
advantages of air entrainment, largely based 
on American experience with Darex AEA. 
It is made clear that air entrainment is no 
panacea and the improvement in durability 
is not played up as it is in the United States. 
Cost reduction is offered as the main ad- 
vantage. 


Quality control of concrete—its rational basis 
and economic aspects 
Nrets M. Puiu, Proceedings, Institution of Civil 


Engineers (London), V. 2, Part I, No. 3, May 1953, 
pp. 311-335 
Reviewed by Aron L. Mirsky 

Author points out that the cost of concrete 
is nearly proportional to its average strength. 
If the homogeneity of the concrete is im- 
proved—that is, if the variation in test re- 
sults within any given batch or from batch 
to batch is reduced—the average strength of 
the concrete may be reduced without impair- 
ing the actual reliability of the structure. 
The reduction in cost of materials is, how- 
ever, counteracted by the increased cost of 
labor, equipment, and control measures re- 
quired to obtain the improved homogeneity; 
hence total (initial plus capitalized main- 
tenance) costs must be minimized to assure 
maximum benefit. 

First part of paper discusses variations in 
concrete quality, calculation of the standard 
deviation within a batch and from batch to 
batch, and the theoretical determination of 
total minimum cost. Second part analyzes 
actual concreting procedures, pointing out 
sources of non-homogeneity and offering 
suggestions for overcoming them. Author 
mentions method has been tested on a large 
scale at Heathrow airfield, with a reduction 
in the coefficient of variation within a batch 
to 5 percent and from batch to batch to 11 
percent. An extensive bibliography is in- 
cluded. 


A timely and stimulating paper, well 
meriting study on the part of specification 
writers and code-formulating bodies in 
particular. 
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Study of the various types of molds for fabricat- 
ing 6 x 12-in. concrete test cylinders 


Witiiam C. WaGner and Evprep R. Harrineron, 
University of New Mexico Publication in Engineering 
No. 6, 1952, 37 pp., $1 

Reviewed by M. W. Jackson 

Describes an investigation involving over 
600 test cylinders made with 12 types of 
molds. The molds included several types 
of cardboard with cardboard bottoms, card- 
board with steel bottoms, tin plate molds, 
and steel molds. Only one of the 12 types 
rigidly met ASTM standards. 

The investigation was undertaken because 
Albuquerque testing laboratories and (-ansit- 
mix plants had found annoying discrepancies 
in results obtained from tests from steel and 
from cardboard molds. 

The investigation showed that cylinders 
cast in cardboard or tin molds show strengths 
less than corresponding cylinders cast in 
standard molds. The decrease was from 5 
to 16 percent, depending on the type of mold. 
It was recommended that results from card- 
board molds be accepted, since they are 
always less than for standard molds. Card- 
board molds should not be penalized by direct 
comparison with standard steel molds, but 
results from tests should be multiplied by 
1.05 to 1.10 (depending on type) for a 
better comparison. 

Similar results are reported for tin molds. 
If cylinders are stripped after 24 hr, use 
correction factor of 1.05; if cylinder is cured 
entirely enclosed, use 1.10. 

The loss of strength in using cardboard 
and tin molds may be due to a lack of lateral 
support rather than to a loss of water. 
Complete numerical data for each cylinder 
and mix are given. 


Gradation in vibrated concrete (La granulo- 
metrie des betons vibres) 

H. Mancue, Revue des Materiaux de Construction 
(Paris), No. 451, Apr. 1953, pp. 114-120 


Reviewed by Patturre L. Me.Lvitite 


A study of concrete mix design for pre- 


fabricated units to be used in mines. Skip 
gradation was used but it was found that 
more efficient mixes could be prepared by 
reducing the proportion of fine to the total 
aggregate. Variations in the proportion of 
mortar to coarse aggregate were not always 
immediately reflected in the 
strength. 


compressive 
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Effect of the method of test on the flexural 
strength of concrete 
P. J. F. Wriegur (with an appendix on the statistical 
aspect by F. Garwood), Magazine of Concrete Research 
(London), No. 11, Oct. 1952, pp. 67-76 
AvuTHOR’s SUMMARY 

As a basis for standardizing a method of 
test for the modulus of rupture of concrete, 
flexure tests have been carried out on beams 
of various sizes using central and third-point 
methods of loading and various rates of 
loading. Tests were varried out on 
small beams sawed from larger ones to isolate 
the effects of specimen size. 


also 


A reduction of approximately 30 percent 
was observed in the modulus of rupture 
when the depth of the beam was increased 
from 3 in. to 8 in. for a span-depth ratio of 
3, but other effects of size were small. In- 
creasing the rate of increase of stress from 
20 to 1140 psi per min. resulted in an increase 
of about 15 percent in the modulus of rup- 
ture. Central loading gave results about 20 
to 25 percent higher than third-point loading 
but the results were less uniform. 


The effects of the size of specimen have 
largely been accounted for by variations in 
the quality of the concrete in beams of 
different together with a statistical 
aspect termed the “weakest link” theory, 
and an effect due to changes in the rate of 
The effect of the method 
of loading can largely be explained by the 
“weakest link” theory and by considerations 
of the stress distributions in the compara- 
tively short beams used. 


sizes 


increase of stress. 


New data are collected on impact resistance of 
concrete 
Mississippi Valley Contractor, May 1953, p, 22 
ARBA Tecunicat INForRMATION DIGEST 
July 1953 
To observe certain quantitative data, the 
National Bureau of Standards is conducting 
an extensive study of the properties of con- 
crete under impact. In the NBS investiga- 
tion, cylinders were subjected to standard 
static tests in a 60,000-lb hydraulic machine 
and to impact tests in a specially designed 
drop-hammer machine. In results obtained 
thus far, the dynamic compressive strength 
of concrete was found to be up to 84 per- 
cent higher than the static strength and the 
modulus of elasticity up to 47 percent greater. 
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Pathology of reinforced concrete (La patho- 
logie du beton arme) 
- Lossrer, Dunod, Paris, 1952, 100 pp., approx. 
1.50 
AppLtiep MECHANICS REVIEWS 
Feb. 1953 (Viest) 
of failures of reinforced concrete 
Author classifies failures in 
various categories, explains the reasons for 
their occurrence and how to prevent similar 
failures of new _ structures. Numerous 
examples of more common failures accompany 
each chapter. 


A study 
structures. 


Failures are divided into three general 
categories: those which occur as a result of 
(a) faulty design of the structure itself, (b) 
faulty construction, and (c) faulty design of 
foundations. A major portion of the book 
is devoted to the design of structures. It is 
shown that errors either in the choice of the 
type of structures, in the calculation of the 
resistance of the structure, or in the design 
details often lead to failures. It is pointed 
out that the design calculations are only as 
good as are the basic assumptions of the 
theory employed, and the importance of 
sound engineering judgment is emphasized. 

In several shorter chapters, author discusses 
various problems connected with strengthen- 
ing and repair of structures, and the steps 
which should be undertaken in investigations 
of structural failures. The material is well 
arranged and, since the book presents an im- 
portant but rather neglected subject, it makes 
for interesting reading. 


Checking the water-cement ratio of concrete 
Engineering (London), V. 175, No. 4554, May 8, 1953, 
p. 608 
Reviewed by Aron L. Mirsky 
Newly developed electronic instrument, 
the “ratiometer,” consists of two units, a 
probe and an instrument and battery case. 
With its aid, concrete may be checked while 
still in the mixer. Probe contains small vi- 
brator which serves to bring slurry to sur- 
face of mix. Current is then passed through 
slurry between two electrodes on bottom of 
probe, the resistance of the slurry indicating 
the water-cement ratio by comparison with 
readings on sample mixes of known water- 
cement content rather than in terms of 
absolute values. Instrument has two possible 
sources of error, which maker claims can be 
eliminated by proper use and calibration. 
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Report on 100-year concrete tests 
Excavating Engineer, V. 47, No. 4, Apr. 1953, pp. 52, 
58 


Hicuway Researcu ABSTRACTS 
June 1953 
Hundred-year tests on the strength of 
concrete, now in their 43rd year at the Uni- 
versity of Wisconsin College of Engineering, 
have so far revealed that some concrete and 
mortar mixes increase in strength with age. 
The tests show that over the first 43 years, 
concrete stored outside, where it is subject 
to all kinds of Wisconsin weather, becomes 
more than three times stronger than it was 
during the first days of its hardening before 
World War I. The products have been 
curing and aging under these conditions: out- 
doors, in a cellar, and indoors in water. Un- 
der the test, the compressive strengths of 
concrete increased when cured unprotected 
outdoors. 


Virtues of air-entrained concrete 

Nataan C. Rockwoop, Rock Products, V. 56, No. 
5, May 1953, p. 47 

ARBA Tecunicat INFORMATION DiIGEsT 
July 1953 
The well-established facts that concrete is 
improved, at least as far as frost action or 
freezing and thawing is concerned by air en- 
trainment are not Also it is 
admitted that air entrainment tends to make 
better concrete out of some of the not-too- 
good aggregates. Doubt is expressed that 
air entrainment is either the only answer or 
the final answer to satisfactory concrete. 
The author notes that a great deal more 
should be known about the nature of air en- 
trainment before it is concluded that it is the 
answer to the best possible concrete merely be- 


questioned. 


cause it has shown weathering resistance for 
not more than 14 years to date. 


On the autogenous healing of concrete (in 
Japanese) 
Jmro Murata, Journal of the Japan Society of Civil 


Engineers (Tokyo), V. 38, No. 3, Mar. 1953, pp. 
105-109 7 


AvuTHor’s SUMMARY 

Results are presented of a test on the auto- 

genous healing of concrete by using beam 

specimens. The author describes the effects 

of age, composition, and depth of crack on the 

autogenous healing of concrete after the 
crack has been closed again by pressure. 
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Effect of entrained air on strength and dura- 
bility of concrete made with various maximum 
sizes of aggregates 


Paut Kutecer, Proceedings, 
Board, V. 31, 1952, pp. 177-201 


Highway Research 

Effects of entrained air on the properties 
of concrete are investigated. These include 
scaling, weathering, absorption, volume 
changes, and strength. Data covers tests of 
concretes with varying cement contents and 
aggregate size. Cement contents were 4, 
5.5, and 7 sacks per cu yd, and maximum 
sizes of aggregate were No. 4, 3% in., % in., 
1% in., and 2% in. Combinations of ce- 
ment content and maximum size aggregate 
were used with a uniform cement consistency 
for each. 


Results of tests on the effect of entrained 
air on strength, resistance to salt scaling, 
volume change, and absorption are reported. 
Weathering tests indicate that concretes 
cured by a period of air-drying developed 
adequate resistance to weathering with about 
9 percent entrained air regardless of cement 
content or maximum size of aggregate. Con- 
cretes cured in moist surroundings required 
more entrained air to develop this same re- 
sistance. 


Effect of admixtures on air content and strength 
of portland cement concrete 


James C. Darron, Concrete, V. 61, No. 1, Jan. 1953, 
pp. 9-16, 52 


Reviewed by G. L. Cur1pMan 


Discussion of the results of studies at the 
University of Idaho Materials Testing 
Laboratory of the effect of a number of 
commercial brands of admixtures on the 
strength and air content of concrete. Eight 
different admixtures were used: three air- 
entraining agents of the foaming type, four 
dispersing agents with air-entraining proper- 
ties, and one designed primarily to integrally 
waterproof the hardened concrete. 


Test results may be summarized as follows. 
(1) In all but one of the tests, the air content 
varied directly with the amount of admixture, 
with optimum air content using amounts of 
admixture as recommended by the manu- 
facturer. (2) Strength of the concrete con- 
taining admixtures was appreciably lower 
than the same concrete without entrained 
air. (3) The admixtures greatly increased 
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the workability of the concrete; and (4) 
the air-entraining admixtures acted as an 
integral curing agent and improved the 
strength of concrete that was cured under 
adverse conditions. 


New instrument tests concrete 
cement ratio found electrically 
Engineering News-Record, V. 150, No. 
1953, pp. 51-52 


mix—water- 


25, June 11, 


Reviewed by 8S. J. CHAMBERLIN 


A tester developed in England passes an 
electric current through a concrete mixture 
by means of two electrodes on the base of a 
canister. High-frequency vibration of the 
canister causes a slurry to separate out 
around the electrodes. The ammeter can be 
calibrated from several prepared batches of 
concrete of various water-cement ratios for a 
fixed proportion of aggregates. 


Determination of elastic characteristics and 
creep of concrete in structures (in Russian) 
S. Ya. Ermeuman, Gidrotekh. Sroit, No. 5, 1952, pp. 


12-16 

ApPLIED MecHANics REVIEWS 
Feb. 1953 (Hrennikoff) 
Gradual development of stresses in massive 
concrete structures is studied by means of 
embedded strain meters. The total strain 
is made up of three parts—elastic strain; 
creep strain, proportional to the elastic 
strain and increasing with time; and free 
volumetric strain caused by temperature 
and shrinkage. Author proposes to measure 
the two latter parts of strain on control 
cylinders, built into the structure, and iso- 
lated from it all around except on one end. 
These control cylinders are either left un- 
stressed or are loaded with a constant load 
applied hydraulically at the free end. The 
elastic strain, separated from the other two 
parts, is converted into stress by means of 
modulus of elasticity found from similar 

control cylinders. 


Author seems to overlook the fact that 
the ratio of the creep and elastic stresses 
would be different in control cylinders and 
in the structure due to variation of stress 
in the latter. Questionable also is the as- 
sumption of the zero value of the coefficient 
of lateral creep. 
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Tensile strength of concretes 
FerNnanpo Luiz Loso B. CarNnetro and AGUINALDO 


BarRcELLos, Bulletin of Union of Testing and Research 
Laboratories for Materials and Structures (Paris), No. 
13, Mar. 1953, pp. 99-123 

A new method of determining the tensile 
strength of concrete has been developed. 
Previously direct tension and flexure tests 
were used to obtain the tensile strength of 
concrete. Because of irregular or uncertain 
stress distributions, both of these methods 
failed to give accurate or consistent values. 
It was estimated that in the simple tension 
test the ratio of maximum unit stress to 
mean unit stress was around 1.7 to 1.9. In 
flexure tests it was found that the tensile 
values obtained for unit stress differed from 
the compression unit stresses. 

In moving a building on rollers, which 
were cast-iron casks filled with concrete, it 
was noticed in conducting bearing tests on 
these rollers that rupture of the rollers took 
place invariably along a diametral plane. 
The authors then conceived the idea of using 
an analogous method for concrete and mortar 
cylinders in obtaining tensile stresses. Test 
methods and data are given. The results 
showed that the correlation between tensile 
and compressive stresses was close. 


Interplay of concrete of different ages in 
structural members 
H. Craemer, Structural Engineer (London), V. 31, 


No. 1, Jan. 1953, pp. 24-28 
Reviewed by M. W. Jackson 

Interaction of concrete of different ages 
occurs when an old member is strengthened 
by adding additional material, in the ex- 
tension of a statically indeterminate struc- 
ture, and when a cross section or a structure 
is assembled out of individual parts cast at 
different times. Time yield, or creep, is 
greater in new than in old concrete, while 
the stiffness of the material (modulus of 
elasticity) in the old is greater than in the 
new. These two factors work in opposite 
directions to cause redistribution of stresses. 

Sometimes two-span continuous beams are 
constructed in which two simple segments 
are connected after removal of formwork. 
Supposedly this removes any dead load 
moment over the support. If the center 
joint is placed soon though, the moment at 
the support will rise almost to its full value 
due to subsequent deformation. 

Formulas are developed on this basis. 
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Construction of a cooling tower in Ireland 
K. Saunpers, Transactions, Institution of Civil 
Engineers of Ireland (Dublin), V. 77, 1951, pp. 47-59 
AUTHOR'S SUMMARY 
A new cooling tower of reinforced concrete 
236 ft high and of hyperbolic cross section at 
Portarlington, Ireland, is described. The 
principle features of the tower are the 
heavily reinforced concrete slab used for the 
base, the circumferential shell of concrete, 
and precast framework for the cooling stock. 


From the base of the tower, octagonal 
columns rise 20 ft above the pond floor and 
there support the tower shell. The precast 
framework for the cooling stock consists of 
over 10,000 pieces totaling more than 9000 
cu ft of concrete. The erection and concret- 
ing of the tower shell and precast framing 
for the cooling tower are described. 


Donzere-Mondragon canal on the Rhone (La 
chute de Donzere-Mondragon sur le Rhone) 
PrerrRe Devatrre, Memoires de la Societe des Inge- 
nieurs Civils de France (Paris), V. 105, No. 7-8, 
July-Aug. 1952, pp. 287-308 

Reviewed by Aron L. Mirsky 

Project, designed to generate some two 
billion kwhr of electricity per year as well as 
improve navigation by replacing about 31 
km of swift and winding river by 28 km of 
canal, includes a diversion dam on the Rhone 
about 1 km below the canal entrance, a twin- 
channel entrance section (one section for 
navigation, the other section for power flow) 
with protective dams, a 17-km_headrace, 
the power plant and spillway and the 86-ft 
lift bypass navigation lock, and the 11 km 
tailrace. 

The first portion of the paper gives a 
general description of the project and the 
structures listed above; the second portion is 
devoted to a discussion of certain elements of 
the design (the water levels selected for the 
canals, the canal alignment, the dikes, and 
the maintenance of ground-water levels along 
the tailrace, which is lower than the sur- 
rounding terrain). 


The project has also been reported in En- 
gineering News-Record, Nov. 22, 1951 (pp. 
30-35), Aug. 14, 1952 (p. 64), and Sept. 25, 
1952 (pp. 53-54). 
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Reinforced concrete clear-water basin—built to 
be leakproof 
Engineering News-Record, V. 150, No. 21, May 21, 


1953, pp. 42-43 
Reviewed by G. L. Curpman 


Special efforts to construct a watertight 
concrete structure are being taken for the 
30,000,000 gal. clear-water basin at the 
Delecarlia water treatment plant in Wash- 
ington, D. C. (1) Walls of the basin, stand- 
ing as high as 45 ft, have 50 percent more 
temperature steel than called for by design 
standards. (2) Floor and roof slabs, both 
360 ft square, are being placed with 4-ft 
gaps down their centerlines in both directions. 
(3) Corner pieces, 900 to 3500 sq ft in area, 
are omitted in the original placing of these 
concrete slabs. (4) Centerline spaces and 
corner omissions will be placed at the end of 
the job, after major portions of slabs already 
cast have had ample opportunity to set and 
settle. 


Perlite concrete roof cast on metal lath 
Engineering News-Record, V. 150, No. 21, May 21, 
1953, p. 45 
Reviewed by G. L. CurpmMan 
By the use of a lightweight perlite concrete 
deck, cast on metal lath, costs were reduced 
in the construction of a roof slab on a school 
in Brecksville, Ohio. Cost of the completed 
roof, including perlite concrete, metal lath, 
and built up roofing, was 56 cents per sq ft. 
Cost of the perlite concrete per inch of 
thickness averaged 734 cents per sq ft. The 
article includes a table of perlite heat co- 
efficients. 


Flat-plate office building goes up fast 


Engineering News-Record, V. 150, No. 2, Jan. 8, 1953, 
pp. 36-38 


Reviewed by G. L. CurpMan 


A description of the first flat-plate rein- 
forced concrete office building in Washington, 
D. C. Flat-plate construction—there are no 
drop panels or column capitals—paid off in 
ease of construction and flexibility of design 
for floor layouts. The structure is 12 stories 
high and provides 178,000 sq ft of floor area, 
of which 132,000 sq ft is rentable office space. 


Strength, safety, and economical dimensions of 
structures 
Arne I. Jounson, Bulletin No. 12, Division of Building 
Statics and Structural Engineering, Royal Institute of 
Technology, Stockholm, Sweden, 1953, 160 

AvTHOR’s SUMMARY 


Deals with the problem of determining 
the economical dimensions of structures so 
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as to take into account the uncertainty in the 
quantities which influence these dimensions. 
The distribution functions of the quantities 
involved in this problem are studied theo- 
retically and experimentally. Furthermore, 
an investigation is made of the effects pro- 
duced by the volume and the stress distribu- 
tion on the strength of structures. 

The theoretical study of the distribution 
functions is based on certain general prop- 
erties of the quantities in question and on 
their mathematical structure. These proper- 
ties and this structure are defined. 

Results of the theoretical study are com- 
pared with test results. The investigations 
reviewed in this section deal with the actual 
dimensions of reinforced concrete floor slabs, 
with the actual loads on floor structures in 
dwelling houses, with wind velocities, ete. 
These tests corroborate some of the theoretical 
results. 

Determination of the economical dimen- 
sions of structures (the economical design 
factor) is dealt with. This determination is 
based on the condition that the total cost of 
a given structure shall be a minimum. A 
study is made of various functional relations 
between the quantities which influence the 
economical dimensions. On the basis of cer- 
tain functional relations, which are defined 
in this section, solutions are deduced for de- 
termining the economical design factor. These 
solutions take into account several types of 
damage, e.g., harmful deformations and total 
failure, as well as several types of loading 
conditions. The economical design factor is 
dependent on the distribution functions of 
the strength and the load as well as on the 
sapital expenditure for the structure and on 
the cost of failure or other damage. Furth- 
ermore, the economical design factor is de- 
pendent on the relations between the quan- 
tities concerned. Consequently, individual 
“factors of safety’’ referred to the strength 
of materials or to the loads, and the like, 
cannot be determined so as to be more or less 
generally applicable. 


General 


Techniques of plant maintenance and engineer- 
ing—1953 


Clapp and Poliak, Inc., New York, N. Y., 1953, 
288 pp., $6 


Contains the text of 61 sessions on various 
aspects of maintenance and plant engineering 
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presented at the Fourth Plant Maintenance 
and Engineering Conference, held in Cleve- 
land, January, 1953. 

The major portion of the material dis- 
cussed at the roundtables 
is presented in question and answer form; 


conferences and 


also included are texts of papers presented 


at the meeting. Separate roundtables were 
devoted to 11 industries: automotive, chemi- 
eal, electrical, food, foundries, paper, petro- 
leum, printing and binding, rubber, steel, and 
textile. Maintenance, divided according to 
size of plant, and plant engineering, similarly 
divided, is discussed. 

Maintenance of buildings, mechanical 
equipment, electrical equipment, and power 
plants is covered in separate papers. In- 
painting, and floor 
maintenance are mentioned briefly in the 
paper on building maintenance. 


spection procedures, 


Relation between bond and the surface physics 
of masonry units 


Joun C. THorntToN, Journal of the American Ceramic 
Society, V. 36, No. 4, Apr. 1953, pp. 105-120 
AUTHOR’8 SUMMARY 
While doing research work with mortars, 
it was noticed that many brick had high 
capillarity on rough or sanded surfaces and 
This led to bond 
tests during which it became evident that 
there relation the kind of 
surface on a unit and the amount of bond. 
Further experiments with chimneys or wells 
showed that (1) leakage and extent of dye 
penetration coincided closely with the pre- 
vious laboratory bond tests, (2) there was 
excellent bond and practically no dye pene- 
tration with smooth brick, which had little 
or no capillarity, (3) bond decreased and dye 
penetration increased according to the 
surface, and (4) as the capillarity of the 
surface increased, the bond decreased. It 
became apparent that while there are differ- 
ences in mortars in respect to bond, these 


little or none on others. 


was a between 


differences are rather small when compared 
with the effect caused by the surfaces of 
masonry units. 


Accident prevention in the cement industry 

(La prevention des accidents du travail dans 

l'industrie du cement) 

CHARLES VAUTHIER, Revue des Materiaux de 

struction (Paris), No. 450, Mar. 1953, pp. 94-98 
Reviewed by Puitur L. MELVILLE 


Con- 


A comprehensive study of safety measures 
in quarries and cement mills. 
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Load on negative-projecting conduits 
W. J. Scuuick, Proceedings, Highway Research Board, 


V. 31, 1952, pp. 308-319 

The work reported here is the first experi- 
mental study of negative projection loading 
on culverts based on Spangler’s load theory 
(see Proceedings, Highway Research Board, 
V. 30, p. 153). Conclusions drawn are: (1) 
weighed and calculated loads are lower than 
values obtained in the 1927 study of loads on 
positive-projecting conduits under the same 
conditions of backfill; and (2) weighed loads 
in the current study are below those calcu- 
lated with measured settlements and physical 
Both of these facts indicate that a 
better indication of loading on conduits can 
be gained through the use of the negative- 
projection condition. 

Test procedures and results of the 1927 
study of loads on positive-projecting con- 


constants. 


duits along with the 1949 study on negative- 
projecting conduits are given. 


Progress achieved in joint arrangements of con- 
crete and reinforced concrete pipe (Fortschritte 
bei Stossverbindungen von Beton- und Stahl- 
betonrohren) 


E. MARrQuARDT, 
18, No. 12, Dec 


Betonstein-Zeitung 


1952 


Wiesbaden), V. 


A uTHOR's SUMMARY 


Discusses in detail the requirements which 
must be fulfilled by pipe joints and packings 
in view of the changing stress conditions to 
which the latter are exposed. The simplest, 
most economical (and most used pipe joint 
in the case of sewage pipe lines having no 
Par- 
ticularly in the case of reinforced concrete 


inside pressure) is the rabbeted joint. 


pressure pipe, if their inner diameter is of a 
medium size, the bell-shaped socket joint is 
used because of its high packing qualities. 
The arrangement of caulked joints is shown, 
for which artificial materials are used to an 
Non-caulked pack- 
ings frequently are made in the form of cast 
packings. <A caulked and 
cast Rubber packings 
have the advantage of being easily moved 
when 


ever-increasing extent. 


combination of 
packing is shown. 
soil settlements or temperature in- 
fluences require such moving by unskilled 
labor. Sleeve joints are generally made as 
prefabricated units in the vibrating, casting 
or prestressing use is 
chiefly reserved to pipe of greater inside 
diameters. 


process and their 
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Symposium on consolidation testing of soils 
Special Technical Publication No. 126, ASTM, 1952, 


116 pp., $1.75 

Following an introduction by Donald M. 
Burmister, which explains some of the peculiar 
problems in this field of soils testing, there is 
a “Report of Consolidation Tests with Peat,” 
by James B. Thompson and L. A. Palmer, 
and then a paper on “Consolidation and 
Related Properties of Loessial Soils,” by 
W. G. Holtz and H. J. Gibbs. Also included 
in this book are papers on: “Settlement of a 
Railroad Embankment Crossing the 
Morganza Floodway, Louisiana,” by W. G. 
Shockley and C. I. Mansur; “Aids in the 
Interpretation of the Consolidation Test,” 
by Hudson Matlock and Raymond F. 
Dawson; “A Rapid Technique of Consoli- 
dation Testing,” by R. H. Karol; “The 
Effect of Temperature on the Consolidation 
Characteristics of Remolded Clay,” by F. N. 
Finn; “Observed Settlements of Highway 
Structures Due to Consolidation of Alluvial 
Clay,” by 8. E. Barber; “The Application of 
Controlled Test Methods in Consolidation 
Testing,” by Donald M. Burmister; and a 
general discussion concludes the work. 


Electronic device for measuring small transient 
displacements 
J. J. Trorr, Journal of Scientific Instruments and of 
Physics in Industry (London), V. 29, No. 7, July 1952, 
pp. 212-214 
AppLiep MecHANiIcs REvIEWws 
Dec. 1952 
A description is given of an electronic 
device for measuring small transient dis- 
placements of magnitude down to 10, in., 
the apparatus being suitable for use when- 
ever it is possible for part of the equipment 
to be mounted on a stable support and a 
small, lightweight steel plate to be attached 
to the moving part. The apparatus was 
devised initially for measuring the relative 
and absolute movements of concrete road 
slabs under the wheel loads of vehicles. The 
device is based upon the variation of output 
of a high frequency oscillator caused by the 
movement of a metal disk near its tuning 
coil, and the output is linear over the range 
up to 0.10 in. The equipment is used with 
a persistent cathode-ray tube for visual 
estimation of displacements, and _ with 
cathode-ray recording gear when permanent 
photographic records of the displacements 
are needed. 
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Railroad tracks on concrete slabs without ballast 
(Eisenbahngleise auf Betonplatten ohne Schot- 
terbett) 
O. Emerica, Zeitschrift VDI (Duesseldorf), V. 95, 
No. 4, Feb. 1, 1953, pp. 101-105 
eviewed by Aron L. Mirsky 
Elimination of ballast from railroad bridges 
has several important advantages, including 
reduction in dead weight, reduction in verti- 
cal dimensions (hence improvement in the 
vertical clearance under the structure), and 
less trouble with waterproofing. Article 
investigates construction using rubber pads 
between rails and concrete slab, noting that 
the pads must maintain the rails in horizontal 
and vertical alignment. Various methods of 
construction are discussed. 


Combined timber and concrete piles 

Concrete and Constructional Engineering 
V. 47, No. 9, Sept. 1952, p. 275 

HigHway ReseEarcH ABSTRACTS 

Feb. 1953 


(London), 


Preservation of timber piles is facilitated 
if they are kept at a constant moisture 
content; in Holland they are frequently 
driven below low water level with in-situ 
concrete extensions above them. 


A method which may be used where ex- 
tensions up to 5 ft long are required is 


described. A watertight bag of bituminized 
paper, strengthened by wires circumfer- 
entially and by wooden ribs vertically, is 
placed on the timber pile after the latter has 
been driven to its final set. A cage of rein- 
forcement is placed in the bag and concrete 
placed through a tremie, the paper serving 
as formwork protecting the newly-placed 
concrete from damage by ground water. 
The space around the paper mold is filled 
with earth after the placing of concrete. 

Two types of bag are used. The first, for 
use where only vertical pressure occurs, has 
a rebated seating 2% in. deep on the timber 
pile and is without circumferential rein- 
forcement; it may be strengthened by driving 
a ragbolt in the center of the timber pile. 
The second type has an 8-in. deep rebated 
seating and has helical reinforcement. The 
bags are made in six lengths with a diameter 
at the top of 11 in. for the first type and 
121% in. for the second type. It is claimed 
that this method is cheaper than the method 
of driving concrete piles on top of wooden 
piles. 
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Shearing Strength of Reinforced Concrete 
Column Footings ™ 
By EIVIND HOGNESTADt+ 


SYNOPSIS 


A re-evaluation of F. E. Richart’s tests of column footings reported in 1948 
shows that the use of present design methods, involving a shearing stress at a 
distance d around the column perimeter, does not lead to a consistent factor 
of safety with respect to shearing failures. A shearing stress at a distance 
zero around the column was found to be a better measure of shearing strength. 
The ultimate value of this stress is given as a function of concrete strength 
and the relative intensity of flexural loading combined with the shearing force. 
On this basis a new design approach is discussed with respect to the shearing 
strength of column footings. 


INTRODUCTION 


Methods used in the design of reinforced concrete footings have for many 
years been based primarily on A. N. Talbot’s experimental investigations 
published in 1913.! The shearing strength of column footings has been 
considered in design by computing a shearing stress on a section at a distance 
equal to the effective depth outside the periphery of the column. In design 
codes the corresponding allowable stress has generally been stipulated as a 
function of the compressive strength of the concrete. 

Many improvements have been made in construction materials since 1913, 
and various changes have been made in design methods and in the magnitude 
of the allowable stresses. A second experimental investigation of footings 
was therefore undertaken in 1944, and a report was presented by F. E. Richart 
in 1948.2 This report was written strictly as an objective research report; 
no specific recommendations were made regarding improved design methods. 
With respect to shearing strength Richart observed: 


“The maximum shearing stresses, computed on the conventional critical section, 
varied considerably with the effective depth of the footing, being larger for the thinner 
footings. 

“The use of a critical section at less than the distance d outside the column faces seems 
worth considering in interpreting the test results, as does also the allowance of a portion 
of the maximum shear for the doweling effect of the reinforcing bars. These features 
are considered here as possible explanations of footing action, not at this time as suggested 
design methods.” 


*Received by the Institute July 27, 1953. Title No. 50-10 is a part of copyrighted JourRNAL oF THE AMERICAN 
Concrete Institute, V. 25, No. 3, Nov. 1953, Proceedings V. 50. Separate prints are available at 50 cents each: 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1954. Address 18263 W. McNichols 
Road, Detroit 19, Mich. 
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It is the object of this paper to re-evaluate and reranalyze Richart’s ex- 
perimental findings in the light of concepts regarding the behavior of rein- 
forced concrete which have been developed in recent years. The aim of such 
analyses is to establish mathematical expressions for the ultimate strength of 
column footings failing in shear, and to use these ultimate strength expres- 
sions to discuss possible new design approaches. 

The scope of this paper is limited to that of Richart’s tests, namely isolated 
column footings, and primarily the shearing strength of such footings is 
considered. 


CONCEPTS OF STRENGTH AND BEHAVIOR 


A reinforced concrete column footing is essentially a special type of slab. 
General concepts regarding the strength and behavior of concrete slabs may 
therefore be expected to apply to footings, and an expression for the ultimate 
shearing strength of footings should preferably be a general one covering 
slabs as well. 

The problem of establishing such an expression for the ultimate shearing 
strength of slabs consists of two related phases. First, a method must be de- 
veloped for computing a shearing stress as a ratio between load and some re- 
sisting area. The magnitude of this computed shearing stress should be in- 
dicative of the danger of a shearing failure regardless of the type of slab in- 
volved. Secondly, a corresponding expression for the ultimate shearing stress 
must be developed as a function of the properties of materials used in the 
slab. In slabs subject to concentrated loads the regions of high shearing 
stresses are also the regions uf high flexural stresses, and the ultimate shearing 
stress may also be expected to be related in some manner to the flexural 
capacity of the slab. 

Reference may be made to an analogous problem, that of combined axial 
load and flexure in columns. It is universally accepted that the two types 
of loading, axial and flexure, cannot be considered separately. This problem 
for the combined loading on columns is relatively simple, and mathematical 
expressions for the ultimate strength have been developed. 

Similarly, in the study of shear failures in slabs, it is necessary to consider 
shear and flexure as a combined problem; not as two separate cases. This 
problem is complex, however, since many variables are involved and since 
the interdependence of the variables is, as yet, not completely understood. 
With the factual evidence available, it seems reasonable to assume that the 
ultimate strength of slabs failing in shear is mainly dependent upon the 
following variables: 

1. Properties of the materials used in the slab: (a) quality of concrete as expressed by 
the cylinder strength f.’, and (b) amount, type, and quality of tension, compression, and 
shear reinforcement. 

2. Size and shape of the loaded area as compared to the slab thickness. 


3. Span, support conditions, and edge restraints of the slab. 
At present, it is hardly possible to evaluate the shearing strength of a slab 


through a rational theory based on fundamental principles, since they are not 
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Fig. 1—Diagonal cracking 
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fully understood. The alternative is an approach of empirical nature which 
recognizes all the important known facts. 

Computation of shearing stress 

The shearing stress v, as used in specifications in this country, is computed 
from the conventional beam formula for diagonal tension stresses 

V 

Poke pees (1) 
in which the width b is the circumference of a polygon concentric to the peri- 
meter of the loaded area and located at a distance equal to the effective slab 
depth d therefrom. 

In recent investigations pertaining to reinforced concrete beams failing 
in shear it has been found that a shear failure does not necessarily take place 
with the formation of a diagonal crack which extends from the tension side of 
the beam to the neutral axis. Even for beams without web reinforcement 
ultimate loads have been measured up to 3.5 times the load at which diagonal 
cracks formed. The final failure is then not a matter of diagonal tension, 
but rather a shearing off of the compression zone of the diagonally-cracked 
beam. 

It is believéd that a similar phenomenon is possible in slabs. The shearing 
capacity of a slab may not necessarily be reached with the formation of 
diagonal cracks. As is shown in Fig. 1, the diagonal cracks slant from the 
bottom of the slab toward the loaded area to the neutral axis, but above 
the neutral axis the compression zone directly around the loaded area still 
remains intact and carries the shearing force. The shearing stress at a dis- 
tance d is probably indicative of such diagonal cracking. For the slab shown 
in Fig. 1, the load at diagonal cracking may therefore be expressed as 

V, =4(r + 2d) Kdy,.... Ey ecules 
in which v; is a function of the properties of materials used and 7 is tak 
7/8. 

After such diagonal cracking has taken place, the final failure of the slab 
is believed to take place by a shearing off of the compression zone directly 
around the loaded area. Such a shearing action immediately around the 
loaded area is always observed in tests. A shearing stress at a distance zero 
is believed to be indicative of such a final failure. Hence, the final ultimate 
load for the slab in Fig. 1 may be expressed as 


(2) 
en as 
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Vv, = 4r Kd», 
in which v2 is a function of materials and is generally greater than v; in Eq. (2), 
since the assumed effective width 4r is smaller than the value 4 (r + 2d). 

Strictly, the shearing force V2 should be referred to the area of the com- 
pression zone, 4r times the depth to the neutral axis kd. The value of k de- 
pends on such factors as percentage of reinforcement, concrete strength, and 
the degree of flexure combined with the shearing force V2. These factors also 
influence the ultimate value of the shearing stress ve, and for simplicity the 
effects of variations in k are included in the ultimate expression for ve. Thus, 
the shearing force is referred to the area 4rd. In Eq. (3) the value jd, rather 
than d, is introduced with j equal a constant value of 7/8. The sole purpose 
of retaining this 7 = 7/8 is to keep Eq. (3) closer to past practice. 

In beam tests, diagonal cracks can generally be seen, and their absence 
or presence will indicate whether failure takes place at or after their forma- 
tion. In slabs, however, the entire crack pattern takes place inside the slab 
and cannot be seen. Therefore, the applicability of Eq. (2) versus Eq. (3) 
must be studied indirectly by comparison with observed shearing strengths 
of slabs involving the pertinent variables. 


Ultimate shearing stress 

In present design methods, the design stress for slabs and footings corre- 
sponding to a shearing stress v; computed at a distance d is assumed to be 
proportional to concrete cylinder strength f.’, no other variables being con- 
sidered. It has been recognized for some time that variables other than con- 
crete strength have a bearing on the ultimate shearing strength. Such addi- 
tional variables were outlined earlier in this paper, but little is known about 
their quantitative effects. 

In this study it was found possible to express a broad effect of such a group 
of variables other than concrete strength by using a type of interaction con- 
cept in connection with a shearing stress ve. The basic principle of such 
interaction is that the strength under one loading condition is affected by the 
presence of another superimposed loading condition. Thus, the shearing 
strength of a slab may be expected to decrease with the relative intensity of a 
flexural loading that is superimposed on the shear load. This relative in- 
tensity may be expressed as a ratio ¢9 = Pepear/P sez, in Which Pyyear is the 
ultimate shearing capacity of the slab and P;;,. is the ultimate flexural capacity 
the slab would have had if it had not failed in shear. 

Based on a study of Richart’s footing tests it was found that the ultimate 
shearing strength of a variety of slabs can be expressed by the empirical 
equation 
nee ae (oss + nnd : (4a) 

% bd * Sg BOGE 
in which 6 is the circumference of the loaded area, d is the effective depth 
of the slab, and V is the effective shearing force. When a comparison with 
test values is made, it is convenient to rewrite this equation as 


V2 
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Fig. 2—Flexural load-deflection Ultimate Flexural Strength 
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For combined axial load and flexure in columns, a single interaction diagram 
has been found to apply over the entire range of compression failures from 
axial load to pure flexure. The behavior of a slab is more complex, how- 
ever, as the effect of the superimposed flexure may be a discontinuous one. 

A schematic load deflection diagram for a slab failing in flexure under a con- 
centrated load is given in Fig. 2. There are four typical stages of loading. 
In stage I the slab is uncracked, in stage II flexural cracking of the concrete 
is developing, in stage III yielding of the tension reinforcement is spreading 
from the load area towards the slab edges, and in stage IV the slab is in a 
plastic state of rapidly increasing deflections. 

It may be expected that the effect of superimposed flexure on the shear- 
ing strength of such a slab is different for these various stages of flexure. 
Most test results available represent shear failures occurring in stage III or 
in the upper portion of stage II of flexure. Hence, Eq. (4) is limited to this 
range only, since it is an empirical equation derived from tests. 


RICHART’S FOOTING INVESTIGATION 


Richart’s investigation of reinforced concrete footings is probably the 
most extensive experimental study of slabs failing in shear ever carried out. 
All of the 24 wall footings tested failed initially by yielding of the tension 
reinforcement. However, out of the 132 large isolated column footings tested, 
shear appears to have been a primary cause of failure for 104 specimens. 


General nature and results of tests 


Most of the column footings tested were 7-ft square; only 12 rectangular 
footings were involved. All footings were tested in a large testing machine 
and were supported on a bed of steel springs which provided a fairly uniform 
reaction. Load was applied through a column stub at the center of each 
footing. 
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Fig. 3—Relation between shearing stress at distance d and cylinder strength 


Test variables were selected with principal attention being devoted to the 
strength and behavior of footings failing by bond, diagonal tension, and 
tension in the steel. Richart found, however, that: 

“A very large number of the footings tested resulted in diagonal tension failures. The 
shearing stresses obtained, as calculated in the conventional way at a distance d from 
the face of the column, varied generally from less than 0.05 f.’ to 0.09 f.’. The value 
seemed to increase consistently as the effective depth of the footings decreased. Most 
of the footings which failed initially due to tension, or excessive bond slip, collapsed 
finally by a diagonal tension failure, with a pyramidal plug of concrete punching through 
the slab beneath the column. 

“The increase in shearing stress produced by hooks at the ends of bars was generally 
small, and frequently absent entirely. Apparently the effect of end anchorage, as 
currently recognized in allowable stresses for both bond and shearing stress, has been 
greatly over-rated.” 

Ultimate shearing stresses v;, computed by the conventional procedures, 
are plotted verus f.’ in Fig. 3 for all 104 footings failing in shear. The scatter 
is considerable. This fact and the variation of v; with footing depth referred 
to by Richart indicate that conventional design procedures are hardly satis- 
factory. 


NEW METHOD OF COMPUTING SHEARING STRESSES 


Richart reported that most footings failed by “a pyramidal plug of con- 
crete punching through the slab beneath the column.” Since the footings 
were supported on elastic springs it is reasonable to assume that the effective 








a ra 


ts 
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shearing force should exclude the reaction under the pyramidal plug of con- 
crete. For square footings, therefore, the effective shearing force includes only 
the reaction outside a distance d around the column, Fig. 1, or 


V =—[at — 7 +20]... (5) 
a 


This same shearing force is used in conventional analyses such as found in 
“Building Code Requirements for Reinforced Concrete (ACI 318-51).” 
With this shearing force, a shearing stress ve is computed from Eq. (3) for the 
section at distance zero around the column. 

As stated previously, the ultimate shearing stress is a function of properties 
of the materials, which includes not only the concrete strength f.’, but also 
the amount, type, and quality of tension reinforcement. Such a relationship 
may be expressed as 

V2 = 2%. + 22 ff.’ + 2p....... Sie ecats , ... (6) 
or 
os = Y¥; + (V2 + Yop) fe’... ...0.c0ce- | (6a) 
in which p is the percentage of tension reinforcement and the x’s and Y’s are 
constants. 


An approach of this type was tried in the present study. It was found 
possible to derive such constants in Eq. (6) and (6a) that both these equations 
were in fairly good agreement with the footing tests. However, such equa- 
tions were not applicable beyond the footing test data. When the shearing 
strengths of slabs with other support conditions, such as slabs supported 
along the edges, were predicted with constants derived from the footing tests, 
values up to 100 percent greater than those observed in tests resulted. 

This finding that shearing strength depends on the degree of flexure is 
analogous to the observation in tests of beams that the shearing strength is 
not only a function of concrete strength and percentage of tension reinforce- 
ment, but also a function of the type of loading. 


Hence, Eq. (6) and (6a) were considered unsuitable, and an interaction 
type of ultimate shearing strength equation, Eq. (4), was developed. The 
constants of this empirical equation were first evaluated on the basis of the 
square footings with varying depth recorded in Richart’s series 2 tests. This 
same equation was then later applied to the stepped and rectangular footings 
and other series in the Richart investigation. All these applications were 
made with a single set of empirical constants, and good agreement was ob- 
tained between predicted and observed ultimate loads for all tests. 

The relative intensity of flexural loading is given by ¢o = Prhear/P stez. 
For footings the flexural ultimate load Ps. was found by Richart to be gov- 
erned by the full static moment at the edge of the column, not 85 percent 
thereof as conventionally used in present design codes. Accordingly, for a 
square footing (Fig. 1) the external moment at the flexural ultimate load is 


P ez —7 2 
i TE ke RS ee AE ee alot as aye (7) 
a 8 
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The Soret Rta ultimate internal moment is 
M = ,d 5 eet _ 1 2 q) o-* ° 
in whic : the tension reinforcement index g = we /f! 


Solving Eq. (7) and (8) gives 
hie deere Asi tem $0 ae 9) 
(a — r)? 

In checking the applicability of Eq. (4) against the footing test results, 
it is desirable to use this equation to predict the ultimate load of test footings 
for comparison with an observed ultimate load. Since the shearing strength 
P rear Appears both in ve and ¢o, Eq. (4) must then be solved for ¢» and the 
shearing strength. It is then convenient to refer to a calculated shearing 
strength as P..;. and an observed ultimate load as Pi.es:. We have from Eq. (4) 


V2 1 30 0.07 0.07 
* = 0.035 + - —=A+— 
Py f.! po do 
further from Eq. (5) for a square footing 
V = are : ma (+ + 20)’ = iM P ents 


a? 
and from Eq. (3) 


V2 V Cc Preate 
— = — = = CB go 
fe Kw%d4rf.’ Wed4rf 
in which 
A = 0.095 +; B= 
d = US0 fe’  YWdarf, 


| a? — (r + 2d)? Poor 
C= ns ie 
a* Pyhez 


Solving these equations for ¢o and P.a:., we obtain 
A + VA? + 0.28 BC 


o= ir te 10 
. 2BC (10) 


and = Persie = 0 Pytcz . (11) 


It should be noted that Eq. (10) is only a mathematical device to check the 
reliability of Eq. (4); it should not be regarded as a design equation. 
Series 1 

In this series Richart reported tests of 28 column footings 7-ft square, with d = 14 in. 
and loaded through a 14 x 14-in. column stub. 

This series was planned originally to furnish information on footings failing by ‘yielding of 
the tension reinforcement, the major variables being size and percentage of longitudinal rein- 
forcement. However, only eight footings with a reinforcement percentage p from 0.20 to 
0.26 clearly reached the plastic flexural stage IV of Fig. 2, the remaining 20 footings are 
believed to have failed in shear. 

Even the eight footings which initially failed in tension ultimately failed by punching, and 
might thereby be expected to yield information regarding shearing strength in the plastic 
stage IV. However, in these cases such large deflections developed before punching took 
place that the spring reactions were not at all uniform. The actual distribution of spring re- 
actions was not measured near the final failure, and the actual moments and shears involved 
are not known. Therefore, these eight footings are not considered here. 
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Fig. 4—Influence of relative shearing strength 


The pertinent data for the remaining 20 footings are given in Table 1. Data regarding 
the design of the footings are first given followed by the observed ultimate loads Pi..:, and the 
shearing stresses v; and v2, computed at distances d and zero, respectively, around the column. 
The table then gives the load Pye at which first yielding was observed under the column 
with the aid of electric strain gages attached to the tension reinforcement. These loads at 
first yielding were not reported in Richart’s paper;? they were obtained from the original 
test data. In some cases, strains remained below yielding at the ultimate load, or strain 
readings were discontinued below the ultimate load and before possible yielding took place; 
in these cases a hyphen is placed in the P,iaa column. The value of the ultimate load for a 
flexural failure Pye: is given as computed by Eq. (9). The ratios Pres:/Pyiea and Prest/P sez 
given in the table indicate that most of the footings considered failed by punching in or near 
stage III of flexure, in which Pies:/Pyiaa is greater than one and Pres:/P ser is smaller than one. 
The ratios between observed and calculated ultimate load, Pres:/Peare, gives an average ratio 
for series 1 of 0.965 with a corresponding standard deviation of 0.078, which are reasonable 
and satisfactory as compared to other tests of reinforced concrete of this type. 

Observed and predicted values of shearing stresses at zero distance around the column 
are compared in Fig. 4 and 5. The shearing stresses are plotted as a function of @o in Fig. 4 
and as a function of concrete strength f.’ in Fig. 5. The test data are corrected to f.’ = 3500 
psi or ¢o = 1.0, respectively, in accord with Eq. (4a). Thus: 

v2/f.' (corrected to f.’ = 3500) = v2/f.’ (observed) — oF + a0 
2 K 


0.07 
v2/f.’ (corrected to ¢o = 1.0) = v2/f.’ (observed) — sy + 0.07 


0 


It is felt that a satisfactory agreement exists in Fig. 4 and 5 between observed and calculated 
ultimate shearing stresses. 
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Series 2 


This series concerns thirty-six 7-ft square column footings with effective depths varying 
from 8 to 16 in. All footings were loaded through a 14 x 14-in. column stub. Twelve footings 
were made with each of three grades of concrete. 

The series was planned to furnish information on footings failing in shear, and all 36 foot- 
ings failed in shear as expected. 

The data for these footings are given in Table 2. It appears probable from the ratios Ptes:/ 
Pyieaa and Pes: /P pez that the first group of 12 footings were in the upper portion of stage II of 
flexure (Fig. 2); that is, the tension reinforcement probably did not quite reach yielding 
before a shear failure destroyed the footings. The remaining two groups of 12 footings 
each are believed to have failed in stage III of flexure. 

The ratios between observed and predicted ultimate loads, Ptes:/Pcaic, presented in Table 2 
give an average of 1.007 with a corresponding standard deviation of 0.087, which values are 
reasonable and satisfactory. 

This ratio, Pres:/Peatc, may be broken down into three different arrangements of variables. 
For the three groups of concrete strength, respective average values of 0.965, 1.025, and 1.030 
are found. The relatively low value of the first group may be an effect either of a low con- 
crete strength or of a low value of ¢o. The difference between the three averages is small, 
however, as compared to the standard deviation, and these differences are accordingly rather 
insignificant. The average Pres:/Pcaic ratios for 8-, 10-, 12-, 14-, and 16-in. footings are 1.032, 
1.012, 1.041, 0.933, and 0.923, respectively. The relatively low values for the thicker foot- 
ings may be because most of these footings were made in the low concrete strength group. 
Finally, the first six footings in each concrete strength group were made with hooked bars, 
the remaining six with straight bars. The average Pre:/P.aic ratios for hooked and straight 
bars are 1.036 and 0.977 respectively. Hence, Richart’s conclusion that the effect of hooks 
‘is not striking” is substantiated. 
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Corrected ultimate shearing stresses are plotted in Fig. 4 and 5, and a satisfactory agreement 
with the predicted values exists. 


Series 3 and 4 

Tests of fifty-six 7-ft square footings with 14-in. square columns are reported in series 3, 
in which the major variables were type and size of reinforcing bars. Series 4 contained four 
footings with welded reinforcing mats. Eight footings of series 3 were considered as part of 
series 1, ten footings with intermediate grade reinforcement failed in flexure, and eight foot- 
ings with large diameter bars failed in bond. The failures of the remaining 30 footings of 
series 3 and two footings of series 4 are believed to have been primarily due to shear. 

The data for these 32 square footings are given in Table 3. It is seen that the great ma- 
jority of footings failed in stage III of flexure. 

The ratios Ptest/Pcate presented in the table give an average of 1.002 with a corresponding 
standard deviation of 0.081. The average ratios for hooked and straight reinforcing bars are 
0.989 and 1.016, respectively. These latter figures are close enough to indicate that hooks 
had no effect on the shearing strength of the footings in these series. 

Corrected ultimate shearing stresses v2 are plotted in Fig. 4 and 5, and a satisfactory agree- 
ment with the theoretical curves is again found. 


Series 5 and 7 

In series 5, tests were made on six 6 x 9-ft and six 5 x 10-ft rectangular footings, all having 
a 14-in. square column stub in the center. All 12 footings failed primarily due to shear, though 
flexure was on the verge of governing for some of the 16-in. footings. Series 7 concerned four 
7-ft square footings with 21-in. square column capitals. 

Data for both series are given in Table 4. For the rectangular footings, the conventionally 
computed shearing stresses v; given in the table are the higher ones of the two stresses com- 
puted in accord with Section 1205 in the ACI Building Code (318-51). It appears from Table 
4 and Fig. 3 that the ultimate values of », for the 10-in. rectangular footings are high, which 
is in agreement with Richart’s finding that the ultimate value of v; increases with decreasing 
footing depth. The shearing stresses v. presented in the table are computed as the total 
footing reaction outside a distance d around the column divided by 7/8 4rd. Thus, a single 
shearing stress is computed for each footing, not two values as by the conventional proce- 
dure. 

Flexural strength of the rectangular footings was computed for the long direction only. 
Though the footings were designed by the 1947 ACI Building Code (318-47), the use of 
exceptionally high-strength reinforcement in the short direction prevented flexural failure in 
this direction. 

It appears from Table 4 that most footings in series 5 and 7 failed in shear in the transition 
between stages III and IV of flexure. The average ratio Ptest/Pcate for series 5 was 0.991 with a 
standard deviation of 0.073. The corresponding values for series 7 were 0.996 and 0.087. 
The average for the six 5 x 10-ft footings is 0.930 as compared to 1.051 for the 6 x 9-ft foot- 
ings. This is in accord with Richart’s test observation that the 5 x 10-ft footings were on 
the verge of failing in shear as a beam. The shearing strength analysis presented here is of 
course not valid for such beam failures, and it should not be applied to rectangular footings 
longer than twice their width until the va” ‘ity of such application has been established. 

A satisfactory agreement is found in Fic. 4 and 5 between predicted and observed ultimate 
shearing stresses t. 


DESIGN CONSIDERATIONS 


Design of footings with respect to shearing strength is at present carried 
out by computing a shearing stress v; at a distance d around the column. 
For square isolated footings supporting a square column we have 

y 
1 4(r + 2d) 7/8 a" 





(2a) 
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The allowable stress to be used in connection with Eq. (2a) is given in Section 
1205 of the 1951 ACI Building Code as v = 0.03 f.’ with a maximum value of 
75 psi. As indicated by Fig. 3 the ultimate value of v; varies considerably 
with the depth of a footing as compared to the size of the column. Hence, 
the use of Eq. (2a) in design will not result in a consistent factor of safety 
with respect to a shearing failure. 

As developed here, the shearing strength of footings seems to be better 
expressed by Eq. (4). In design it seems desirable to obtain footings which 
will develop their full flexural capacity before a shear failure by punching 
takes place. This is particularly so since a punching failure is a sudden and 
violent one which almost completely destroys the footing. A shearing strength 
equal to the flexural strength corresponds to ¢o = 1 in Eq. (4a). Substituting 
this value, we obtain for square footings supporting a square column 

7 Bel Odi ore (12) 

In both Eq. (2a) and Eq. (12), the shearing force V is the footing reaction 
outside a distance d around the column as computed by Eq. (5). 

Eq. (12) is an ultimate strength equation. To adapt it to design specifi- 
cations primarily based on allowable stresses and working loads, such as 
given in the 1951 ACI Building Code, a safety factor must be introduced. 

The selection of such a safety factor is largely a matter of engineering 
judgment, since a number of factors and circumstances open to discussion 
must be considered. Arguments in favor of relatively large safety factors 
for footings may be presented from several points of view: (1) differential 
settlements may lead to overloading of some footings; (2) footing failures 
may lead to serious damage of an expensive superstructure; (3) footing re- 
pairs are expensive; and (4) concrete in footings is generally placed under less 
favorable conditions than in the superstructure, so that an inferior concrete 
may result. On the other hand, relatively low factors may be considered 
sufficient from the point of view that a favorable redistribution of soil pres- 
sure may take place below an overloaded footing. 

In connection with the ACI Building Code (318-51), a safety factor with 
respect to shearing failure may be considered by comparison with related 
factors. For flexural members failing by yielding of the reinforcement, a 
design by the ACI Building Code results in safety factors ranging from about 
1.8 to 2.5 depending primarily on the grade of reinforcement. Since footings 
are designed for only 85 percent of the external flexural moment, the safety 
of footings against a flexural failure may be about 1.5 to 2.1. On the other 
hand, the safety factor for an axially loaded tied column, which may be 
supported by a footing, varies from about 3.5 to 4.5 depending primarily 
on concrete strength and percentage and grade of reinforcement. 

In this study, no attempt is made to suggest a specific safety factor for 
shear failures of footings; however, the writer personally favors the view that 
such a factor should be closer to the high values used for columns than to the 
relatively low values connected with a flexural failure of footings. Two 
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Fig. 6—Conventional shearing stresses for footings designed by new approach 
factors, 2.63 and 3.5, were selected for further study. Eq. (12) then reduces 
to the following allowable stress equation for a safety factor of 2.63: 
v2 (allowable) = 0.04 f.’ + 50... 
and for a factor of 3.5 
v2 (allowable) = 0.03 f.’ + 37... 


(13) 


(14) 

It is important to consider what Eq. (13) and (14) mean in terms of 
conventionally computed shearing stresses. If footings are designed by a 
shearing stress v2 at a distance zero, the corresponding shearing stress v; at a 
distance d will be given by Eq. (2a) and (12) as 

e, = o2/(1 + Qd/r)...... 

Values of »; are plotted in F 


Eq. (13) and (14). The ratio d/r between effective footing depth and column 
size appears as a parameter varying from 0.25 to 1.25. 


Richart’s tests, on 
the basis of which Eq. (12) was developed, covered a range from 0.38 to 1.14. 
It is felt that d/r can be extrapolated down to smaller values than those 
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covered by the tests with considerable confidence. Extrapolation to high 
values of d/r is believed to be on the safe side, since, for small column sizes, 
the shearing strength of the compression zone will be smaller than the load 
necessary to cause diagonal cracking. A shearing failure of the compression 
zone cannot take place before diagonal cracking has developed. 

The allowable values of the shearing stress v; stipulated by the ACI Build- 
ing Code (318-51) are also entered in Fig. 6. It appears that, for high d/r 
ratios and relatively low concrete strengths, the new approach discussed here 
is stricter than the conventional method even for the relatively low safety 
factor of 2.63. 


It is believed to be a characteristic of the present ACI Building Code, 
not only for footings but also for beams and slabs, that the safety factors 
with respect to shear failures are relatively low. Since footing failures may 
have unfortunate consequences in damaging the superstucture, a new design 
approach is discussed here, in spite of the fact that its use would lead to rather 
drastic increases in the thickness of some footings governed by shear. 


Richart’s tests included rectangular footings with a length up to twice 
their width. The equations discussed here should not be used for a greater 
length to width ratio than two unless such application is justified by future 
tests. 

The basic equation for shearing strength, Eq. (4), was developed on the 
basis of the shear series of Richart’s footing tests, and it was found to agree 
well with the findings of the remaining series of footing tests. It is of con- 
siderable importance that Eq. (4) has been found to reflect also the shearing 
strength of slabs subject to concentrated loads and supported along two or 
four edges. Such tests have been made, though the results are yet not pub- 
lished. It seems possible, therefore, to consider a similar method for the 
design of flat slab and flat plate floors as well as slabs subject to concentrated 
loads. 


CONCLUSIONS 


The major findings of the study and re-evaluation of Richart’s footing 
tests may be summarized and amplified as follows: 


1. The majority of the 104 footings considered failed in shear in stage III of flexure; that is, 
a shear failure took place after local yielding of the tension reinforcement but before the 
ultimate flexural load was reached. 

2. Ultimate shearing stresses »; computed by the procedures specified by the 1951 ACI 
Building Code vary considerably, primarily with footing depth (see Fig. 3). 

3. Hooks on the tension reinforcement and welding of the reinforcement into mats had 
no important effect on the shearing strength of the footings tested. 

4. A shearing stress v2 computed at zero distance around the loaded area was found to be a 
better measure of shearing strength than conventional procedures. In this manner the ulti- 
mate shearing stress may be expressed by the empirical Eq. (4a) as 


V2 
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Fig. 7—Frequency distribution of 
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For the various series, the following average values of Ptes:/P care were found: 
? / 





series 1: 0.965, standard deviation 0.078 
series 2: 1.007, standard deviation 0.087 
series 3: 2 Soo 

onal & 1.002, standard deviation 0.081 
series 5: 0.991, standard deviation 0.073 
series 7: 0.996, standard deviation 0.087 


all 104 footings: 0.995, 

The frequency distribution of the ratio Pres:/P-ate for all 104 footings with the corresponding 

Gaussian curve are given in Fig. 7. This distribution does not indicate the presence of any 

serious systematic errors. Fig. 4 and 5 also indicate that the empirical Eq. (4a) represents the 
observed footing behavior quite well. 


standard deviation 0.082 


5. Eq. (4a) is valid only up te some limiting ratio d/r between slab thickness and the side 
of a square loaded area, beyond this limit the equation is conservative. In the test data 
considered, the d/r ratio varied from 0.38 to 1.14. However, the limiting value may be higher 
than 1.14; the limit could not be determined from the data considered. 

6. The concrete strength in Richart’s tests varied from about 2000 to 5000 psi. 
is probably unsafe for concrete strengths below about 1800 psi. 


Eq. (4a) 


7. For rectangular footings Eq. (4a) was found to be valid up to footing lengths twice their 
width. For length to width ratios greater than two and for wall footings, the footings may 
fail as a beam, and Eq. (4a) may not apply. 

8. A design approach based on Eq. (4a) is discussed. Even for a safety factor as low as 
2.63 the new approach is, in some cases, conservative as compared to the design method 
stipulated by the ACI Building Code (318-51). 
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Selection and Design of Prestressed Concrete 
Beam Sections® 


By T. Y. LINt and A. C. SCORDELIS4 
SYNOPSIS 


The basic concept of the action of an internal bending couple in a pre- 
stressed concrete beam as compared to that in a conventional reinforced 
concrete beam is introduced. Using this concept, criteria for the selection of 
shapes and formulas for the design of sections are developed. Tables giving 
design constants are listed for various common beam sections. Relative 
advantages and disadvantages of different types of cross sections are discussed. 
Using the method developed, an example beam section is designed. 


INTRODUCTION 


Present methods used in design of prestressed concrete beam sections 
follow the selection and trial procedure, whereby a tentative section is assumed 
and the maximum stresses in steel and concrete are determined for various 
load conditions. Such a design procedure involves a great deal of time, 
since it must be repeated several times before a section satisfying all require- 
ments is obtained. A method is presented here, together with tables of con- 
stants for various beam sections, by which design of prestressed concrete 
beam sections can be reduced to almost as simple a process as the design 
of reinforced concrete beam sections. ‘Tables of constants included do not 
cover all possible cases, but it is hoped that if the method presented gains 
favor with designers, more extensive tables will be prepared. 

Moment resisting properties of a beam section are usually the controlling 
factors. Other considerations, such as shear and bond, will not be dealt 
with in this paper. There are also practical limitations for each particular 
structure which will favor or exclude the use of certain sections. Such limi- 
tations will usually narrow down the choice of a section and thus simplify 
the selection and design. These limitations, however, will not be discussed 
in this paper which deals with the theoretical aspects of beam sections only. 


NOTATIONS 


The notations used in this paper are based on the report of ACI-ASCE 
Joint Committee 323.§ However, only a portion of the proposed notations 


*Received by the Institute Jan. 21, 1953. Title No. 50-11 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institvre, V. 25, No. 3, Nov. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
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Rd., Detroit 19, Mich. 
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tMember American Concrete Institute, Assistant Professor of Civil Engineering, University of California, 
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§‘Proposed Definitions and Notations for Prestressed Concrete,”” ACI Journat, Oct. 1952, Proc. V. 49, p. 85-88. 
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(0) External Moment=O (b)Small External Moment (C) Large External Moment 
jd=O -jd is small -jd is large 


Fig. 1—Variable jd in a prestressed concrete beam 


are employed and some slight modifications are made. Hence it is considered 
desirable to list all of the notations used: 


= area of entire concrete section (steel area neither deducted nor transformed) 
area of prestressing steel 
width of rectangular section or width of flange of beams 
width of web of beams 
total compressive force in concrete at a beam section 
= distance from c.g.c. to bottom (top) fibers 
center of gravity of A, 
center of gravity of A, 
effective depth of section 
eccentricity of c.g.s. with respect to c.g.c. 
= stress in bottom (top) fibers 
effective prestress force after deduction of losses 
prestress force at transfer to concrete 
= initial unit prestress in steel at transfer 
total depth of section 
moment of inertia of A. about c.g.c. 
= for lever arm jd in a reinforced concrete beam 
= bottom (top) kern distances, referred to c.g.c.; ky» = r?/e:, ky = 1?/ep 
Mr moment due to the eccentricity of prestress F or F, on the section 
Me bending moment due to girder load (including any dead load on the beam at the 
transfer of prestress) 
Mr = bending moment due to total load (live, impact, and all dead loads) 
Q:, Q2, Qs, Q4 = dimensionless shape constants for a given shape of section defined by Eq. 
(7), (3), (9), and (5), respectively 
r = radius of gyration of A- about c.g.c. 
t = depth of flange of beam 
T = total tensile force in steel at a beam section 


BASIC CONCEPT 


Before deriving any formulas, it is necessary to introduce a basic concept 
in the behavior of a, prestressed concrete beam section. From the law of 
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Fig. 2—Constant jd in a reinforced concrete beam 


statics, the internal resisting moment in a prestressed concrete beam must 
equal the external bending moment. That internal moment can be repre- 
sented by a couple C-T (Fig. 1); the same is true of a reinforced concrete 
beam (Fig. 2). 

There is, however, an essential difference between the behavior of a pre- 
stressed and of a reinforced concrete beam section. This difference is ex- 
plained as follows. 

1. In a reinforced concrete beam section, as the external bending moment 
increases, the magnitude of the force C and T are assumed to increase in 
direct proportion while the lever arm jd between the two forces remains 
unchanged (Fig. 2). 

2. In a prestressed concrete beam section, as the external bending moment 
increases, the magnitude of C and T remains practically constant while the 
lever arm jd lengthens almost proportionately (Fig. 1). 

Since the location of 7’ remains fixed, we get a variable location of C in a 
prestressed section as the bending moment changes. For a given moment 
M, C can be easily located, since 

a, es er, ..(Q) 

M M 


W=O =p (1a) 


Thus, when M = 0, jd = 0, and C must coincide with 7 (Fig. la). When 
M is small, jd is also small (Fig. 1b). When is large, jd is also large (Fig. 
le). 

In a prestressed concrete beam, the amount of prestress F, is usually meas- 
ured and is generally rather accurately known. At the time of transfer of 
prestress, 7 = F,. Loss of prestress is usually estimated, and after all losses 
have taken place, 7 = F. While the value of 7’ may change as the beam 
bends under loading, the change is small and is usually included when allow- 
ing for the Joss of prestress. 
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Once the magnitude of 7 is known, the value of jd can be computed from 
Eq. (la) for any value of M and the location of C can thus be determined. 
With the position and magnitude of C known, stress distribution across the 
concrete section can be obtained either by the elastic or the plastic theory. 
Since the elastic theory is usually used in design, it will be followed in this 
paper. 

It will be well to mention some of the simple relations between stress dis- 
tribution and the location of C, according to the elastic theory (Fig. 3). If 
C coincides with the top or bottom kern point, stress distribution will be 
triangular, with zero stress at bottom or top fiber, respectively. If C falls 
within the kern, the entire section will be under compression; if outside the 
kern, some tension will exist. It is evident that if C coincides with c.g.c., 
stress distribution will be uniform over the entire concrete section. 





(c) C within kern (f) C above top kern point 


Fig. 3—Stress distribution in concrete by the elastic theory 


DERIVATION OF BASIC FORMULAS 


Consider a section of a prestressed concrete beam, with c.g.c., c.g.s., and 
kern points as shown in Fig. 4a. In the following derivation, it is assumed 
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(c) Final Condition- 
(b) Initial Condition- C at top kern point 
C at bottom kern point 


(a) Section Properties 


Fig. 4—Derivation of basic formulas 


that no tension is permitted in the concrete. Also, two conditions should be 
considered. 


Initial condition (Fig. 4b) 

Under the initial condition, immediately after the transfer of prestress; 
the external loads acting will be the girder loads plus whatever dead load may 
be on the beam at that time, producing moment Mg at that section. If 
c.g.s. falls within the kern of the concrete section, this condition is seldom 
critical. However, to obtain a greater lever arm for 7 under the final load- 
ing, c.g.s. is usually located outside the kern. Hence it is necessary that 
Mg must at least be large enough to bring the location of C within the kern. 
Hence Mg must have a minimum value of 

(e — ky) 
Me = F., (e — ke) = j Fh = QF h (2) 


t 


, i ie 
Where Q. = ( ; ») (3) 
1 


With this minimum value of Mg, C will be exactly at the bottom kern point, 
and the stresses at the top and bottom fibers will be (Fig. 4b). 


fe = 0 
F, 
fo = ue (4) 
C h 
Where Q, = —..... , (5) 
Ct 


If Mg is greater than the minimum value given by Eq. (2), C will fall with- 
in the kern, then the top fibers will be under some compression and the bottom 
fibers will be stressed less than given by Eq. (4). If Mg is less than the mini- 
mum value, C will fall outside the kern, then there will be some tension in the 
top fibers, and the bottom fibers will be stressed higher than given by Eq. (4). 


Final condition (Fig. 4c) 
The second loading condition to be considered in a design occurs when the 
total design moment My, acts on the section and the prestress has been re- 
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duced by losses. Under this condition, the most ideal proportion of the sec- 
tion is such that C should act exactly at the top kern point. Thus 
F (+k 
Mr = F (e + ky) -5* . ) 
F (e + ki) ‘a 
F, h 5 ‘ ica eee 
The value of F, the effective prestress, should be the initial prestress F, minus 
all the losses but increased by the stress caused by the elongation of the steel 
due to bending of the beam. A common relationship used in this country is 
F = 0.85F., or F/F, = 0.85. 
With M, acting and C located at the top kern point, the stresses at the top 
and bottom fibers will be (Fig. 4c) 
f ey ee ee acl F, (8) 
anit, PS Cb a Fa Cb A. ti a. 
F h 
Whe ee m (! 
1ere Qs ~ 9g (9) 
and f, =0 
If Mr is greater than the value given by Eq. (6), there will be tension in the 
bottom fibers and the compressive stress in the top fibers will be greater 
than that given by Eq. (8). If M7 is less than this value, there will be some 
compression in the bottom fibers and the compressive stress in the top fibers 
will be less than that indicated by Eq. (8). 
CRITERIA FOR SELECTING SECTIONS 
From the formulas developed, it is seen that in a prestressed concrete 
beam, both Mg and My have to be considered, and both top and bottom 


fiber stresses have to be kept within limits. This leads to the development 
of the following criteria for selecting sections. 


Fah =Q: Fh.... . (6) 


Where Q, 


1. To carry the prestress and the total moment My, with zero stress in the bottom fibers, 
Fh must have a value as indicated by Eq. (6) of 
Mr = Q; Fh 


Mr 
Ph = 
che * 


Zero stress in the bottom fibers is desirable so as to obtain the maximum lever arm for the 
tensile force 7’. 


2. To carry the prestress and the girder moment Mg without tension in the top fibers, Mg 
must have a minimum value as indicated by Eq. (2) of 
Me = Q:F h 
3. To carry prestress and the total moment M,7 without exceeding the allowable fiber stress 
ft, Ac must have a minimum value as indicated by Eq. (8) of 


F, 
Be = Q; =_" 
fe 
4. To carry the prestress and the girder moment Mg without exceeding the allowable 
bottom fiber stress f,, A, must have a minimum value as indicated by Eq. (4) of 


F, 
As = aac 
Xue 
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‘ This last requirement, as will be explained later, should be modified when Mg is more than 
enough to bring force C to the lower kern point. 

It is further evident that the significance of the shape constants can be 
described as follows: 

(1) Q: is a measure of the total moment resisting capacity of the beam section. Hence the 
greater the value of Q,, the more desirable is the section. 

(2) Q. is a measure of minimum girder moment required to place the center of compressive 
force C within the kern. Hence the smaller the value of Qs, the smaller will be the Mg re- 
quired. When Mg is relatively high, compared to M7, the value of Q2 may not be an important 
consideration since C will be within the kern anyway. When Mg is relatively small, Q2 may 
be a controlling factor and a section with low value of Q: would be necessary. 

(3) Qs is the ratio of the maximum top fiber stress to the average prestress on the section 
under the final condition since f; = Q; F./Ac. Hence the smaller the value of Q;, the lower 
will be the maximum stress. 

(4) Q, is the ratio of the maximum bottom fiber stress to the average prestress on the sec- 
tion under the initial condition, since f, = Qs, F,./A-. Hence smaller values of Q,4 are gen- 
erally desirable. When Mg is more than enough to bring force C to the lower kern point, fs 
will be less than that given by this equation, and Q, may not be an important consideration. 

(5) Q2/Q; is the minimum required ratio of Mg/Mz, since 

QF Ah = Mr 
Q.F Ah = Me 
Combining, we have 
Q.F h _ Me 
QiF.h ~ Mr 
Q: _ Me 
Q: ~ Mr 
This indicates that when Mg and M7 are given, it is convenient to compute the ratio WV¢g/Mr 
and to choose sections whose Q2/Q, ratio is equal to or less than Mg/Mr. 








Thus the tables of shape constants will guide the designer in the selection 
of sections which are most advantageous to this particular set of conditions. 


DESCRIPTION AND USE OF TABLES 


To minimize design computations, properties of different sections are 
listed in Tables 1 to 6. These tables give values for the area, moment of 
inertia, location of centroid, kern points, etc. In addition, values of Q;, Qe, 
Qs, Qs, and Q2/Q, are computed, based on the following set conditions: (1) 
no tension allowed in the concrete; (2) F/F, = 0.85; and (3) c.g.s. is located 
at 0.10h above the bottom of the section. 


It should be noted again that these stated conditions do not cover all 
possible cases that might be encountered in practice; the tables only cover 
a number of cases met in design and serve as a sample of what could be 
done for the design of prestressed concrete beam sections. 


The tables include 7 and J sections of different proportions. Properties 
for a rectangular section are included in Table 1 under the headings b’/b = 
t/h = 1, 2.e., section (1 — q). 
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TABLE 6—CONSTANTS FOR SYMMETRICAL I- AND BOX-SECTIONS 
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Fig. 5—Bottom fiber stress for any 
value of Mc 














FORMULAS AND PROCEDURE FOR DESIGN 


Formulas will be developed which yield the value of A.A required for each 
set of conditions when the shape of the section is chosen. Since for a given 
shape A, is a function of bh, A.A is a function of bh?. Knowing the required 
A.h, we can compute the required bh? (similar to bd? in a reinforced concrete 
rectangular beam). Then any combination of b and h can be chosen to fulfill 
this requirement of bh’. 

Formulas for A-h will be developed as follows. Considering the top fibers, 
we have Eq. (8) 

Qs: 

A, = h F, 

To obtain the maximum lever arm for force 7’, we should have Q,F,.h = My as 
given by Eq. (6), and the value of F, = M,r/Q,h can be substituted into 
Eq. (8), thus 

Q:Mr 


A. =—— 
Qifch 


Q:Mr 
A. eat Rech er pale sho oD 
which gives the required A.h to keep the top fiber stress within the allow- 
able value of f:. 
Considering the bottom fibers, since Mg may bring force C within the 
kern, Eq. (4) may no longer hold good. In the general case, the bottom fiber 
stress f, is given by Fig. 5, where 


ge 
fs = Qua" — (Ma — QiFuh) =... | : ‘aig ein 


e 


Note that when Mg = Q2F.hA, this reduces to Eq. (4). 
Substituting F, = M7/Q,h from Eq. (6), and c,/J = 1/A.k:, we have 





ESSE ETP 
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Q.Mr Q.Mr ] 
a St | My — | —— 
fo A.Qih | G | 


Transposing terms 


h 
QiMr — = (QiMo — Q:Mr) 


AA = (12) 


Quite 

which gives the value of A.A required for any combination of Mr and Mg 
to keep the bottom fiber within the allowable value of f,. The final A.A 
required will be the greater of the two values given by Eq. (10) and (12). 

Procedure for the design of a prestressed concrete beam section can now be 
outlined as follows. 

Step 1—Given Mz, Mg, allowable f; and f,. To make a preliminary trial, 
assume a value of h. If this depth is not limited by practical requirements, 
about 70 percent that of a comparable reinforced concrete beam would be a 
good value to start with. Compute the prestressing force Ff, from Eq. (6) 

Mr 
~ Qh 
using an average value of Q; = about 0.55. The preliminary area of steel 
can be computed as A, = F,/f,.. Compute the approximate total concrete 
area required by Eq. (8) 

A. = Q; fe 

fi 


assuming a value of Q; = about 1.7. 

Step 2—From the preliminary values of A, and A, obtained in step 1, 
sketch a trial section, taking into account all of the practical requirements 
and keeping in mind the characteristics of the various shapes as denoted by 
their shape constants. Note that, in general, big values of Q; and small 
values of Qe, Q3, and Q, are desirable. Also note that Qo/Q:; must not be 
greater than Mg/Mvz7, and if Q2/Q; is much smaller than Mg/Mz, a high value 
of Qs; may not be objectionable. 

Step 3—For the trial section, take the values of the shape constants from 
the tables and solve for the exact values of A.A required by Eq. (10) and (12). 
Using the greater of the two values of A.h, compute the required value of bh?. 
If tables are not available for the trial shape, the shape constants will have 
to be computed from Eq. (3), (5), (7), and (9). 

Step 4—Revise the dimensions of the trial shape by choosing a combina- 
tion of b and A which will satisfy the required value of bh’. 

Step 5—The exact amount of initial prestressing force F, required may 
now be computed from Eq. (6) 


7 
0 


Then the total steel area required can be computed by A, = F./feo. 
It is evident that the above procedure will yield a section which satisfies 
the following requirements: (1) for the initial condition, no tensile stress 
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" 
10 Fig. 6—Preliminary trial section 
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in the top fibers; (2) for the final condition, zero stress in the bottom fibers; 
and (3) either the stress f, under the initial condition or the stress f; under the 
final condition will equal its allowable value, while the other will be no greater 
than the allowable. 

A balanced design for the top and bottom fibers is obtained when Eq. (10) 
and (12) yield the same values of A.h, in which case both fibers will reach their 
allowable values under the respective conditions. It must be noted, how- 
ever, that zero stress is generally not preferred for the top fibers under the 
initial condition. This is because a trapezoidal stress block such as Fig. 3c 
gives a more desirable stress distribution than a triangular stress block as in 
Fig. 3b and consequently would require a smaller section of concrete. 


EXAMPLE 


Given: Mg = 49.5 ft-kips; M7 = 80.6 ft-kips; allowable f; = 1.60 kips per 
sq in.; f. = 2.00 kips per sq in.; F/F, = 0.85; d/h = 0.9 
Solution 
Step 1—For the preliminary section, assume h = 20 in., Q; = 0.55, and 
Qs = Oy 
Mr 80.6 X 12 
F, = — = ———— = 88.0 kips 
Qik 0.55 x 20 ~ °0 Kips 
F, 88.0 | 

A. = Qs = 1.7 1.60" 93.5 sq in. 

Step 2—With the above values of F., h, and A. as guides, a preliminary 
section can now be sketched to meet the practical requirements of the par- 
ticular case. The section in Fig. 6 with A. = 96 sq in. is chosen for trial. 
This section is similar to shape (3-h) in Table 3. This shape has a reasonably 
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good value of Q; = 0.565 and low values of Q2 and Q;. Its value of Q, is 
higher than those for wider bottom flanges, but in this case where Mg is 
relatively large, this is not important. Its ratio of Q2/Q: = 0.402 is less than 
the ratio of Mg/Mry = 49.5/80.6 = 0.613 and therefore satisfies that criterion. 
Other shapes such as (2-a), (3-a), and (3-d) might also be desirable and could 
be tried for comparison with (3-h) in an actual design. 

Step 3—From Table 3, for shape (3-h), Q; = 0.565, Q2 = 0.227, Qs = 1.46, 
Q, = 2.39, A.h = 0.48 bh?, and k; = 0.183 h. 

From Eq. (10) 

pee, 

Of 
ete an ee a bie. 
0.565 (1.60) 
From Eq. (12) 


h 
QuiMr — — (QiMe — Q:M7) 
ke 
AA =- — 
Qifo 
| 
2.39 (80.6) 12— 0.183 (0.565 & 49.5 — 0.227 X 80.6) 12 


0.48 bh? = - veers = 1490 cu in. 
0.565 (2.00) 


Eq. (10) governs, since 1560 is greater than 1490 given by Eq. (12). 
Step 4—Suppose it is desired to have h = 20 in. for the final design, then 
0.48 b (20)? = 1560 
b = 8.12 in. 
The adopted section is shown in Fig. 7a 
Step 5—The required prestressing force for the adopted section is 
F, = =. = = 85.3 kips 
Qh ~ 0.565 565 (20) 
This completes the design of the beam section. To further clarify the prob- 
lem, the following conventional analysis is included as a check. Such check- 
ing is not required in an actual design when using the method presented in this 
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Fig. 7—Stress distribution for the chosen section in example 
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Check analysis 
Compute the following properties of the section, using Table 3 
A, = 0.48 bh. = 78.0 sq in. 
Cb 0.582 h = 11.64 in. 
c. = 0.418h = 8.36 in. 
I = 0.510 bh? = 3330 in.* 
e = 0.482h = 9.64 in. 
For F, = —85.3 kips, F = —0.85 (85.3) = —72.8 kips* 
For the initial condition 
Mp = F.e = —85.3 (9.64) = —822 in.-kips 
Me = 49.5 (12) +594 in.-kips 
=M = Mr + Me = —228 in.-kips 
F, M ce 85.3 228(11.64) 
ak <i eee 
85.3 228 (8.36) 
78.0 ~~ 


fr = — 1.09 — 0.80 = — 1.89 kips per sq in. 


1.09 + 0.57 = — 0.52 kips per sq in. 


For the final condition ! 
Mr = Fe = — 0.85 (85.3) (9.64) = — 700 in.-kips 
Mr = + 80.6 (12) + 968 in.-kips 
= M=Mr+Mr = + 268 in.-kips 
yr - M ec fe 72.8 268 (11.64) 
4 ae 3330 
F Me 72.8 8 _ 268 (8.36) f . 
f=-- = — — ————- = — 0.94 — 0.66 = — 1.60 kips per sq in. 
Ae I 78.0 3330 


Stress distributions for both of these two conditions are shown in Fig. 7. 


fo = — 0.94 + 0.94 = 0 


CONCLUSION 


An attempt has been made to simplify the design of prestressed concrete 
beam sections by emphasizing the behavior of such sections under variable 
external moments, introducing the concept of an internal couple with C and 
T almost constant in magnitude but widely varying in lever arm. This con- 
cept was utilized in the derivation of equations for design by the elastic 
theory. Together with ready-made tables, the design of such beams can 
be greatly simplified, indeed to a degree comparable with reinforced concrete 
beams. The tables in this paper are by no means comprehensive, although 
most of the common shapes are included. For different d/h and F/F, ratios, 
values in the tables should also be modified. 

The method presented has been purposely limited to beams where no 
tensile stress is allowed in the top and the bottom fibers. It has been ex- 
tended to include the case of allowable tensile stresses in both fibers, but the 
formulas are not shown here. 

It is hoped that this paper will introduce a clear concept of the behavior 
of prestressed beam sections within the elastic range, aid the choice and 
simplify the design of such sections, and thus enhance the interest in and 
application of prestressed concrete structures. 


*Negative signs are inserted here because the correct signs must be observed in the following equations. 
Note: See Errata on Fig. 7 in this month’s NewsLetter, page 25. 








Disc. 50-11 


Discussion of a paper by T. Y. Lin and A. C. Scordelis: 


Selection and Design of Prestressed Concrete 
Beam Sections 


By PANOS D. MOLIOTIST 


In the interesting paper by Messrs. Lin and Scordelis, the tables for the 
quick calculation of prestressed concrete beams sections, in addition to the 
necessary elements of sections and factors for interior stresses, use the formula 


Q2 Pe x e—k, < Me 
e+k, Mr 








Q *F 
which is the criterion for the appropriate selection of a section. With the aid 
of this formula and trial sections, we can select the type and dimensions of a 
section in which the developed interior stresses come near the limit of per- 
missible stresses. 


In the following discussion the factor Q2/Q:, symbolized by V, is given 
independently of the ratio F,/F, 7.e., V = (e — ky)/(e + k.) and is extended 
to the case of a tensile stress f;, at the top fiber. We think that the factor 
V should be independent of F./F as it is possible that this ratio will vary in 
different countries. Also suggested as a criterion is the factor un = ©/h 
(1 + e/k.). Combining V and yu we can select a section using the tables 
without any trial sections. 





The formulas have been derived on the assumption that at the bottom of 
the section the stress is zero for the final loading. 
Notations 


In addition to the notations used in the original paper, the following have 
been added: 


e = distance of the center of the prestressing force from the lower limit of the kern of the 
section 
n = F,/F 
fto = concrete stress at the top fiber of the section at transfer 
- e—k, 
"= =— 
e+ks 


*ACI Journat, Nov. 1953, Proc. V. 50, p. 209. Disc. 50-11 is a part of copyrighted JouRNAL or THE AMERICAN 


Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50 
tDoctor of Civil Engineering, Assistant, National Technical University, Athens, Greece. 
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rig. A—Stresses at transfer 




















STRESSES AT TRANSFER 


The total bending moment acting on the section (Fig. A) is 
M = Mg — mF (hb + ©) 
The stress f;. is given by 
nF Mec nF (ky + ©) ct 
A, oo ee 
wasabi. 2. a 
Ae I 
From the above two equations we obtain 


I 
nF « => Me —Ju- ss o% 
Ct 


The stresses f,;, and f, are related to each other in the equation 
Cb 


Sto 4 = A. = h Jo. 


FINAL STRESSES 
The total bending moment acting on the section (Fig. B) is 
M = Mr —-F(k+ 86) 
The stress f; is given by 
Mr Ce F (kp +o) &% 


Si ee 
Ae I I 


F Fhe 

But — — — 
A; I 

Combining the above equations we obtain 


= 0 











T 


Ct EL 
eae hes 
€ Gp +--+ 


{ 








| Fig. B—Final stresses 
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I 
fi—=Mr—Fe. (3) 
Ct 


Prestressing force F is given by the equation 
Cb 
F=-A-f, ; (4) 
DESIGN FORMULAS 


If in Eq. (3) we replace f; by its value from Eq. (4) and have in mind that 


1/A. = (ke cr)/I, € = e — kh, and ky/ki = co/c1, we obtain 
Mr =F(e+k,).. (5) 
Combining Eq. (4) and (5) we obtain 
Mr Ch 
Fa 7A. (0 +k).. 6 
;, h (e + ki) (6) 


With the aid of Eq. (6) and using tables, we compute the dimensions of the 
section. Prestressing force is computed from Eq. (4). Combining Eq. (2) 
and (4) we obtain 
, Ce = 
Jt = nf ——fy (7) 
Cb 
From Eq. (7) we compute the stress f,.. If in Eq. (1) and (3) we replace 
the product Fe and have in mind Eq. (7) we obtain 
nMyr = Me 
> (8) 
A c ky 
From Eq. (8) we compute the stress fs. 


>= 


CRITERIA FOR SELECTING SECTIONS 


Kq. (1) one can be rewritten 





nF (e — kk) = Mo — fu Ach (9’) 
Kq. (8) can be rewritten 

Mr — Me 
hy Ae = ——————... (8’) 
Cb to 


If in Eq. (9’) we replace A, ky by its value and have in mind Eq. (7), then 
Eq. (9’) becomes 
nF (e — kk) = Me -—- i. (nMy — Ma) .... (9’’) 


mf =~ 3 


nq. (9’") by Eq. (5) we obtain 


If we divide I 


« , e—k, 1 Me Sto 1 Meg 
4 V =— =-x— -—*—_ [1 --—}. (9) 
eth n Myr mi —feo nMr 
If stress f;. is zero or compressive we must have 
l Me 
Va-xX—.. ae (10) 
i] Mr 
In case some tensile stress is permitted we must have 


] Me Sto l Me 
-~ — i pw = eee. 10’ 
n * Mr nf, — Al n Mr (10) 








IA 
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(In the above formulas compressive stresses have positive values and tensile 
ones negative.) 
If we divide Eq. (6) by Eq. (8) we obtain 


Cb e to Mr 
=-(14+—)=-x—— Ei alee rae 
pias ( $ “) fr nMy — Mo 


For stress f; equal to the permissible one and f, equal or smaller than the 
permissible one we have 

74 

ti nMr — Me 

With the aid of the parameters V and u and tables like those proposed 
by Messrs. Lin and Scordelis we can select a section which is stressed at the 
permissible stresses f, and f, and f;. can be a small compressive or tensile 
stress or zero. 


EXAMPLES 


The following examples utilize the tables of the paper. 


Example 1 

Given—My = 725 ft-kips 1/n = 0.85 
Mg = 217 ft-kips n 1.175 
ft: = 14 kips per sq in. d/h = 0.9 
fo 2.0 kips per sq in. 


Solution 
‘= 


2.0 725 
‘fk ~ 
1.4 1.175 X 725 — 217 
We choose an I-section (4-b in Table 4) with: » = 0.560 (1 + (0.460/0.248) ) = 1.59; 
A. = 0.40 bh; & = 0.560h; ki = 0.248h; e = 0.460h; and (o/h) Ac (€e + ki) = 0.560 X 
0.40 X (0.460 + 0.248) bh? = 0.158 bh?. Through Eq. (6) we get: (725 & 12)/1.4 = 0.158 bh?, 
and for h = 40 in. we get b = 24.5 in. (Fig. C). 





= 1.63 


" 
ze 1 Thus we have: 


oe — A. = 0.40 X 24.5 X 40 = 392 sq in. 
8" F = 0.560 X 392 X 1.4 = 308 kips 

ae (1.175 X 725 — 217) x 12 
wr 392 X 0.248 x40. 

1.95 kips per sq in. 
1.175 X 1.4 — —— x 1.95 = 

0.560 
0.11 kips per sq in. 
































Fig. C—I-section for example 1 

















Example 2 
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Given—Mry = 725 ft-kips 1/n = 0.85 
Me = 435 ft-kips n = 1.175 
fi = 14 kips per sq in. d/h = 0.9 
fe = 2.0 kips per sq in. 
Solution 
435 _ 
V < 0.85 x — < 0.510 
725 
2.0 725 
»s — x ———_——_ 5 2.0 
1.4 1.175 K 725 — 435 
: ; i ; : 0.492 _ 
We choose an I-section (3-i in Table 3) with: « = 0.592 { 1 + 0164) ~ 2.37; Ae = 0.57 bh; 
. LP 


co = 0.592 h; kk = 0.164h; e = 0.492 h; and (@/h) Ac (€ + ki) = 0.592 & 0.57 X& (0.492 + 
0.164) bh? 0.222 bh?. Through Eq. (6) we get: (725 X 12)/1.4 = 0.222 bh?, and for h 
40 in. we get b 17.5 in. (Fig. D). 






































Thus we have: 1 17.5 i 
A. = 0.57 X 40 X 17.5 = 400 sq in. = a 
F = 0.592 X 400 X 1.4 = 330 kips 12" 
= (ATS X 725 — 435) x 12 _ 
an 400 X 0.164 x 40 i a 
1.9 kips per sq in. 5 25" 
ngs then ekg tate ' on 
to = -liod bd a 0.592 x wv = 40 
, 0.25 kips per sq in. 
12" 
oe pe 
Lcgestinbl = 
igi 
Fig. D—I-section for example 2 
Example 3 
Given—My = 725 ft-kips fio = —O0.14 kips per sq in. 
{ Mg = 217 ft-kips 1/n = 0.85 
f: = 1.4 kips per sq in. n = 1.175 
fo = 2.0 kips per sq in. 
; Solution 
217 0.14 217 
V S 0.85 X a names EE as Le -} S 0.324 
P Fe + ee sx Bt) 
a. eT 
oe" 141175 X 725-217. 


0.434 


i) 


We choose an I-section (4-g in Table 4) with: » = 0.534 (: + 1.59; A. = 0.41 


bh; ~ = 0.534 h; ky = 0.220h; e = 0.434 h; and (e,/h) A. (e + ki) = 0.534 XK 0.41 X (0.434 
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+ 0.220) bh? = 
40 in. we get 6 


0.143 bh®?. From Eq. (6) we get: (725 X 12)/1.4 = 0.148 bh?, and for h = 
= 27 in. (Fig. FE). 


27' 





Thus we have: 

A. = 0.41 XK 40 X 27 = 443 sq in. 

F = 0.534 X 443 X 1.4 = 330 kips 

_ (1.175 & 725 — 217) XK 12 

~ - 443 X 0.220 x 40 ‘ 
1.95 kips per sq in. 














So 


4 0.466 
= 1.175 X 1.4 — — X 195 = 
0.534 


— 0.05 kips per sq. in. 























Fig. E—I-section for example 3 


» CONCLUSIONS 


The formulas of this discussion can be used easily for the determination 
of the point from which the prestress force can be decreased, due to the 
upward turning of the cables. With the aid of Eq. (1) with a constant pre- 
stress force F and a constant section we compute the variation of the stresses 
feo with the aid of 

i | . (13) 

A, ky 

Similarly with the aid of Eq. (5) for a constant section and a variable 
moment My, we compute the variation of the prestress force F with the aid of 
_AMr 


et ky 


AF (14) 


If we prepare tables for different types of sections similar to those of Messrs. 
Lin and Scordelis containing the factors » and V, we can select sections such 
that the stresses can approach the permissible limits of concrete stresses. 
It results in a complete utilization of the concrete section so far as concrete 
is concerned. 





fascasen nomenon re = 











Title No. 50-12 


Relation of Shrinkage to Moisture Content in 
Concrete Block* 


By GEORGE L. KALOUSEK,t RICHARD J. O’HEIR,t KENNETH L. ZIEMS,§ 
and EDWIN L. SAXER** 


SYNOPSIS 


Six types of aggregates and five curing methods used in commercial block 
production were used for shrinkage studies and strength determinations of 
concrete masonry units. Shrinkage and moisture loss were determined at 
73 = 3 F in a cycle consisting of exposure to air at 25 percent relative humidity, 
immersion in water, exposure to air at 70 percent relative humidity, followed 
by exposure to air at 25 percent relative humidity. 

Autoclaved products underwent about half the shrinkage shown by units 
cured by other methods. Curing with steam at atmospheric pressure up to 
170 F or moist air at 73 F tended to give the same results for each aggregate. 
Sand and gravel units shrank the least; cinders, expanded shale, expanded 
slag, and sintered shale gave similar results which were somewhat higher than 
that for sand and gravel. Pumice units showed slightly higher shrinkage 
than the latter group. 

The data show that a 40 percent moisture loss does not generally represent 
more than about 20 to 50 percent of potential shrinkage occurring at 25 percent 
relative humidity. 


INTRODUCTION 


The many advantages concrete masonry possesses are partially offset by 
the tendency of walls constructed of these units to crack. Factors which 
may contribute to, or be the cause of, cracking have not beén properly evalu- 
ated. Drying shrinkage is considered to be the most significant, and need 
of more comprehensive data on this characteristic is evident. 

Easterly! reviewed the literature on the effects of autoclaving on shrinkage 
and also published results on cinder block cured by high-pressure steam and 
steam at atmospheric pressure. A recent report of ACI Committee 716? on 
high-pressure steam curing gives further results from four laboratories on 
drying shrinkage of autoclaved concrete block made of sand and gravel, 
cinders, and expanded shale by four different producers. 

A broad program involving concrete masonry was undertaken at the 
University of Toledo, ranging in scope from studies on the chemical make-up 

*Received by the Institute Jan. 2, 1953. Title No. 50-12 is a part of copyrighted JouRNAL OF THE AMERICAN 
ConcreETE INSTITUTE, V. 25, No. 3, Nov. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Member American Concrete Institute; Project Director, Concrete Studies, University of Toledo, Toledo, Ohio, 
and Member, Research Division, Owens-Illinois gg Co., Toledo, Ohio. 

tTechnical Director, Perlite Institute, New York, N. Yy. 

airield Engineer, Lucas County, Ohio. 


Member American Concrete Institute; Head, Civil Engineering Department, University of Toledo, Toledo, 
Ohio. 
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of the cementitious phase to those dealing with shrinkage cracking’ of re- 
strained wall panels under controlled conditions of temperature and humidity. 
This present report gives the results of an investigation, sponsored by the 
Housing and Home Finance Agency,* concerned with the physical properties 
of concrete block (8 x 8 x 16 in., having a net cross-sectional area of 58 percent 
concrete). Block were made under commercial conditions at a plant in 
Pontiac, Mich., and 2 x 2 x 16-in. bar specimens of corresponding mixes 
were made on a commercial block machine in the laboratory for comparison. 

Aggregates, as a primary variable, were represented by sand and gravel, 
cinders, expanded shale, expanded slag, sintered shale, and pumice. Since 
methods of curing affect the shrinkage of a given mix, specimens of a given 
aggregate were divided into five groups and cured by high-pressure steam, 
high-temperature steam, high-temperature steam followed immediately by 
hot-air drying, and low-temperature steam and moist air. The drying cycle 
for specimens was as follows: after saturation at the end of the curing period, 
specimens were dried to constant weight and length in air at 25 percent 
relative humidity (R.H.) and then re-saturated. This was followed by dry- 
ing in air at 70 percent R.H. to a stable condition and then immediately by 
drying at 25 percent R.H. 

To evaluate properly the effect of a given aggregate, it was necessary to 
use that aggregate alone. The desirability and merit of blending silica sand, 
for example, with some of the lightweight aggregates is fully appreciated. 
However, it was beyond the scope of this study to include tests on various 
blends of aggregates often used commercially. 

A secondary objective of this project was to ascertain if relatively inex- 
pensive laboratory equipment could be used to make specimens that would 
duplicate, within reasonable limits, the behavior of plant produced block. 


MATERIALS 


Cement 

Laboratory specimens were made with a cement consisting of a blend of four equal parts 
of Type I non-air-entraining portland cements obtained from four different producers. It 
was impractical to make a similar blend for block produced in the commercial plant, and 
cement from one of the mills used in the blend was treated with an air-entraining agent. 
Aggregates 

Aggregates for both plant-produced block and laboratory specimens were taken from the 
same shipment of given aggregate. Three of the aggregates, sand and gravel, sintered shale, 
and expanded slag, were delivered in two sizes (labeled fine and coarse for the latter two). 
These sizes were blended as recommended by the vendor. Other aggregates came in a 
grading predetermined for block production by the vendor. 
Air-entraining agent 

A neutralized solution of Vinsol resin amounting to 0.025 percent solids by weight of cement 
was added to the mixing water in the preparation of laboratory specimens. 


MIX PROPORTIONS 
Laboratory mixes were designed to give 28-day moist-cured concrete of 2000 and 1000 psi 
*Published as Housing Research Paper No. 25 and listed as reference 3 at the end of this report. Extensive 


tables of data including strength results and detailed discussion are not included in this paper but are given in the 
HHFA report. 





| 





SHRINKAGE VS MOISTURE CONTENT IN CONCRETE BLOCK 297 


compressive strength (2 x 2-in. modified cubes), designated full and half strength, respectively. 
Mix proportions for the plant batches were based partially on recommendations of producers, 
laboratory tests on the bar specimens, and on actual results of plant runs. A strength of 1000 
psi gross area (or 1730 psi net area) was desired for the block. This was not readily realized 
for several aggregates as will be described in the results. 

The amount of water required for molding was estimated by the operator from the result 
of the “palm” test. If no free moisture was left by the mix on the palm it was considered 
to be too dry, and more water was added until the test was positive. However, care had to be 
taken to avoid an excess of water inimical to stripping and handling the green block. 


METHODS OF CURING 


The following methods of curing were used in both plant and laboratory operations: 
Moist air curing 

3 days wet, stored in a moist cabinet 

4 days covered at 73 F, 70 percent relative humidity 

21 days at 73 F, 70 percent relative humidity 

Total of 28 days 
120 F (low-temperature steam) 

2 hr standing in air (covered) 

2 hr raising in steam cabinet to 120 F 

14 hr at 120 F in steam cabinet 

1 hr cooling 

5 days at 73 F in moist cabinet 

9 days at 73 F, 70 percent relative humidity 

Total of 1434 days 
170 F (high-temperature steam) 

2 hr standing in air (covered) 

3 hr raising to 170 F in steam cabinet 

1 hr at 170 F in steam cabinet 

12 hr “coasting” to 125 F with steam turned off 

lg hr cooling 

Total of 181% hr 
170 F steam and drying at 150 F 
Same as the preceding method followed by drying with forced hot air at 150 F for 5 hr 
Total of 231% hr 
High-pressure steam 

3 hr standing in air covered 

3 hr in autoclave raising to 120 psi pressure 

8 hr in autoclave at 120 psi pressure (350 F) 

1 hr cooling before opening autoclave 

Total of 15 hr 

The moist room was maintained at a relative humidity of approximately 95 percent, and 
at 73 = 3 F. 

Steam in the 120 F steam cabinet (an insulated sheet-iron tank provided with a tightly 
fitting cover) was generated by electrical heaters immersed in water. Specimens were placed 
on a rack projecting 1 in. above the surface of the water. Temperature readings, taken by 
means of thermocouples located at different points between the block, indicated that a uni- 
form temperature (+ 1 F) was maintained in the region occupied by the specimens. Temper- 
ature deviations during a run were + 3 F from the desired temperature. 

The 170 F steam cabinet was of similar design but was larger to accommodate two sets of 
specimens. It was provided with a cover having a refrigerator door type rubber gasket to 
prevent loss of steam. Weight measurements on specimens at the start and finish of the 
curing showed that no moisture was lost from the block. Actually there was a small gain 
in weight due to condensation of the steam. 








228 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1953 


Drying of the specimens was done in the steam cabinet by heaters and a blower built into 
an auxiliary cover provided with a baffle for circulating the air. This cover had a large open- 
ing for venting moist hot air. The block region was maintained at 150 = 3 F. 

The autoclave was 6 ft long with an inside diameter of 12 in. Heat was supplied through 
electrical strip heaters fastened to the outside bottom of the cylinder. Water inside the 
autoclave was maintained at a depth of 2% in., the strip heaters being directly below but 
restricted to a narrower region than represented by the water in the autoclave to prevent 
superheating of the steam by radiation from the walls of the autoclave. 


METHODS OF MEASURING PHYSICAL PROPERTIES 

Strength of bar specimens 

Compressive strengths were obtained on modified 2-in. cubes using halves of 2 x 2.x 16-in. 
test bars remaining after modulus of rupture tests. The modulus of rupture was obtained 
on three bars which were supported over a 9-in. span using single-point loading. The fiber 
stress S was computed by means of the formula S = 3wl/2bd?, w being the total load, b the 
width, d the depth of the specimen, and / the distance between supports. Tensile strength 
was obtained on sets of three specimens that were prepared with a restricted midsection 
2 x 2 in. in cross section and 4 in. long, the ends being enlarged to 2 x 3144 in. Cross pins of 
shackles at each end were fitted snugly against the projecting portions of the specimens, 
and the shackles were designed with linkages to eliminate lateral restraint when load was 
applied. The same shackles were suitable for tensile strength determinations on 2 in. wide 
H-sections cut from the block. A series of 
tests on 2 in. wide strips cut from the faces 
of the block and H-sections from the same 
block showed excellent agreement in tensile 
strength. 
Strength of block 

The block, in sets of five for each com- 
pressive strength determination, were capped 
with a plaster compound. and broken on 
either a 200,000- or 300,000-lb testing ma- 
chine. 


Volume changes 
Measurements of lineal changes of block 
and bars were made on the long dimension 
(15% in.) of the units. Reference points 
were 5/16-in. diameter stainless-steel ball 
bearings. The bearing was attached by 
placing it in a drilled recess 3% in. in diameter 
and about 3/16 in. deep filled with a paste of 
dental cement. Care was taken that the 
paste would extend slightly above the great- 
circle diameter of the ball bearing. The com- 
parator, which was portable and is shown in 
Fig. 1 mounted on a block, was designed for 
use on both block and bars. It was pro- 
vided with a dial reading to 0.0001 in. When 
used on the bars it was placed upright on 
the base and the bar placed between anvils. 
A standard Invar bar was regularly used for 
rn eae checking the distance between anvils. 
Fig. 1—Comparator mounted in position on The initial, or reference length, of a speci- 
block men was that obtained on the unit previously 
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saturated for 48 hr in water at 73 F. Specimens after saturation were allowed to drain for 
5 minutes and measured for length and weight. A slightly longer drainage period than 
specified by ASTM specifications was allowed to eliminate the drainage of water into the 
dial of the comparator. Specimens were then stored at 25 + 3 percent R.H. at 73 + 3 F. 
Circulation of air over the specimens was relatively rapid (approximately 5 to 10 mph). 
Measurements were generally made at 1, 3, and 7 days and then at weekly periods until the 
length of the specimen had attained a constant value. After stabilization was attained, the 
specimens were saturated in water at 73 F for 48 hr, measured and weighed as previously. 
The next storage was at 70 + 3 percent R.H. and the same procedure of tests was followed 
as at the lower humidity. After stabilization at 70 percent R.H., the specimens were again 
dried at 25 + 3 percent R.H., and then resaturated, measured for length, and finally dried 
at 230 F to constant weight. 
PRELIMINARY TESTS USING LABORATORY EQUIPMENT 

Initial tests in this project represented attempts to mold 2 x 2 x 10-in. 
bars using laboratory equipment, which consisted of a small rotary type 
concrete mixer, an electric vibrating table having a frequency of 3600 cycles 
per minute with a variable amplitude and 300-lb load capacity, and a set 
of six-bar gang molds. The concrete mixer proved unsatisfactory for the 
relatively dry and coarse mixes and was replaced with a 3 cu ft paddle-type 
mortar mixer which proved satisfactory for all types of aggregates. 

Experience with the electric vibrating table for molding bar specimens 
using the mixes prepared with the mortar mixer appeared encouraging with 
the denser aggregates, notably the sand and gravel and expanded shale. 
Reproducibility of compressive strengths was not as close as desired for all 
types of aggregates and, also, results appeared low compared to reported 
results using a commercial vibrating block machine. In general, this method 
of molding was considered as possibly having variables not present in plant 
molding of block making comparison of results of doubtful value. 

A high speed vibratory single-block type machine was then obtained from 
the Gene Olsen Corp. and part of the laboratory converted into a small 
block plant, including all curing facilities. The block mold of this machine 
was replaced with a specially designed mold consisting of three sections, two 
for molding 2 x 7 x 155-in. slabs, and one for molding the tensile-strength 
specimens. Specimens obtained by this method appeared to duplicate closely 
in all respects, except shape, commercially produced block. Bars for testing 
were made by cutting the slabs to the desired size. All results reported here 
are on specimens made with the block machine. 

DISCUSSION OF RESULTS 
Strength considerations 

Strength results on plant-produced block and laboratory specimens of 
‘half’? and “full” strengths are discussed in detail in the HHFA publication® 
and are not reproduced in this report. The following comments describe the 
more general aspects of the strength of block made of mixes given in Table 1. 
It should be mentioned that strength of concrete block is far more difficult 
to predict from mix data than that of plastic concrete. Development of 
plant techniques for optimum results necessitates considerable experimentation. 
Among difficulties encountered is the selection of the proper amount of mixing 
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TABLE 1—COMPOSITIONS AND REL 


| ! 


ATED DATA ON CONCRETE BLOCK MIXES 


| 
| 


| 


cement: aggregate 
cement: aggregate 





Average weight of| 


Cement, sacks 
freshjunit, lb 


Water, gal. per 
per cu yd 


Dry weight, 
sack 


Yield, block 
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water using the “palm” test. It is known that higher strengths are obtained 
from the wettest moldable mixes since drier mixes do not compact as well, 
but the general tendency is to keep moisture low as insurance against loss of 
the green block during stripping and handling prior to curing. 

Results of another series of tests at the University of Toledo show a 
straight-line relation between the densities of green block and the strengths 
obtained for units of a given aggregate and curing condition. A relatively 
small change in mixing water was found to alter the strength up to nearly 
100 percent. Although this was an extreme variation, differences of about 
20 to 35 percent were not uncommon. Block strengths of 1000 psi, gross 
area, (or 1730 psi net area) were not always obtainable as closely as desired, 
especially for high-temperature steam-cured block. Two of the aggregates, 
cinders and pumice, were used in proportions somewhat lower in cement 
content than that required to give the desired strength since it was con- 
sidered better to compare shrinkage behavior on specimens containing amounts 
of cement approaching those used in commercial block. 

The general expectation of high-early strength for high-pressure steam- 
cured block is realized only if a sufficient amount of silica fines, or aggregate 
fines if high in reactive silica, is available. Neither the cinders nor the ex- 
panded slag contained such fines and this accounted for their low strengths. 
Additions of reactive silica fines to these two aggregates in other tests im- 
proved strengths. In general, the strength obtained with high-pressure 
steam, making allowances for the effects of the fines, tended to be the same 
as the 28-day moist-cured strength. 

Strengths of the high-temperature cured block for several of the aggregates 
were generally lower than expected at two to three days. Low strengths 
may be accounted for, in part, by the 2-day instead of 28-day test. It is 
also possible that the 2-in. thickness of the specimens compared to the nominal 
thickness of 114 in. of the web and shell of the block may have had some 
effect on the curing for the given cycle. Variations in strength did not appear 
to have any significant effect on the shrinkage characteristics of the block 
or bars. The strength of, high-temperature cured specimens, with and with- 
out drying, was about the same. Moisture content of the dried units, how- 
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ever, did not attain values much below 50 percent for the stated condition of 
drying. Because no difference was noted between the specimens with and 
without drying, all aggregates were not tested using both methods. 

Low-temperature steam curing gave strengths at 14 days somewhat lower 
than moist-air curing for 28 days. Compressive tests on some of the block, 
made at about three months, indicated that strengths at this period compared 
closely for these two curing methods, and also agreed well with high-temper- 
ature curing. Except for pumice, moist-air curing for 28 days gave strengths 
within permissible limits. 

Pumice block and bars generally showed a much lower strength than de- 
sired, even for relatively rich mixes. Increasing the cement content appeared 
undesirable. Two factors militated against a better showing by the pumice 
units. First, in practice it is common to add some hard aggregate, such as 
silica sand, to the mix for increased strength. The other factor lies in satura- 
tion of the aggregate, mixing the ingredients, and molding the block. One 
experienced producer of pumice block obtained considerably higher strengths 
at comparable cement factors. 

Tensile strengths of the block showed the following ranges for the different 
curing methods: sand and gravel, 165-205 psi; cinders, 110-175 psi; expanded 
shale, 120-250 psi; sintered shale, 150-170 psi; and pumice, 80-180 psi. 
Flexural strengths, approximately two to three times as large as tensile 
strengths, showed the same relative spread. Moist-air cured specimens gave 
the same or higher tensile strength than those cured with high-pressure 
steam. However, no general correlation between methods of curing and 
aggregates was found. Some differences are apparent, but none are sufficiently 
consistent to suggest any relationship between tensile or flexural strength 
and the other variables. 


Volume changes and moisture content 

Shrinkage (or moisture loss—-drying time relation)—To show shrinkage and 
moisture loss of the block as separate variables with respect to drying time, 
two sets of curves for block of each aggregate are presented in Fig. 2 through 
7. These relations are given for both cycles of drying; the curves on the 
left represent initial drying at 25 percent R.H. and those on the right the 
combined 70 and 25 percent R.H. drying. Shrinkage and moisture loss 
are referred to the length and weight, respectively, observed after saturation 
at the start of the first drying cycle. Since high-temperature steam curing 
followed by forced-air drying gave approximately the same values as when 
drying was omitted, most of the figures present results for only the one type 
of curing. The results presented for both in Fig. 2 and 4 show the maximum 
differences observed and these are comparatively low. It follows that forced- 
air drying (5 hr at 150 F) was not sufficiently intensive, with respect to time 
and temperature, to effect any permanent shrinkage. 

The relative rate at which shrinkage developed in the block is shown in 
the top halves of Fig. 2 through 7. Types of curing had a variable effect 
on the time required to attain a constant length at 25 percent R.H. during 
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Fig. 2—Shrinkage and moisture loss of sand and gravel block related to drying time 


the first drying. High-pressure steam-cured block, with the exception of 
expanded shale, attained a constant length in a shorter time than block 
cured by other methods. High-temperature steam-cured units followed 
shortly in order and the low-temperature and moist-air cured block required, 
generally, a longer time for stabilization of length. For the latter two types 
of curing, slag block required 50 days although the companion high-temperature 
cured block stabilized in a relatively short time. 

In discussing the results shown for the 70 to 25 percent R.H. drying cycle, 
it should be noted that concrete products, during the first drying period after 
curing, may undergo a permanent irreversible shrinkage. The degree depends 
on the type of curing and the kind of aggregate used. Values for permanent 
shrinkage obtained upon resaturation and referred to the original length of 
the block are given in Fig. 2 through 7 as the first points in the 70 percent 
R.H. shrinkage-drying time curves. High-pressure steam-cured specimens 
showed little change from the original lengths; the block for the other methods 
of curing varied. 


Shrinkage during drying at 70 percent R.H., following resaturation, did 
not develop as rapidly as at 25 percent R.H. As a general rule, constant 
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Fig. 3—Shrinkage and moisture loss of cinder block related to drying time 


length was not attained until 30 to 50 days after start of the drying test, 
except for the high-pressure steam-cured block which were stabilized some- 
what earlier. Subsequent drying at 25 percent R.H., going from 70 percent 
R.H., generally resulted in a complete or nearly complete stabilization of 
the length in about 10 to 20 days. 

Moisture loss—drying time relation—Values of moisture loss from saturation 
are based on the difference between the original saturated weight and the 
final oven-dry weight. Results between moisture loss and drying time are 
presented in the lower parts of Fig. 2 through 7. Examination of the first 
segment of the curves (drying at 25 percent R.H.) shows that all block lost: 
about 50 percent of the total moisture content during the first day. Ap- 
parently this was the water present in air holes, cavities, and large capillaries. 
Little, if any, shrinkage occurred during this moisture loss. In general, high- 
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Fig. 4—Shrinkage and moisture loss of expanded shale block related to drying time 


pressure steam-cured block lost moisture most rapidly and the moist-air cured 
block, the most slowly; other types of curing gave results intermediate between 
these. All high-pressure steam-cured block showed the highest moisture 
loss at stabilization, and the moist-air cured block the lowest. The moist-air 
cured unit, as a rule, did not attain a constant weight at 25 percent R.H. 
in 40 days, except those of sintered shale. Losses between 30 and 50 days, 
however, were small, and so the 40-day result may be taken as representing 
the stabilized moisture content. 

Relative rates of moisture loss during the first drying at 25 percent R.H. 
for the different types of curing are shown in Fig. 2 through 7 for the different 
aggregates. Moisture losses of 60 and 70 percent correspond to present 
-ASTM and federal specification limits of 40 percent moisture content, and 
the Corps of Engineers current tentative specifications of 30 percent, re- 
spectively. From the standpoint of discussion, an 80 percent loss (that is, 
20 percent moisture content) is of interest in comparing moisture loss. 
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Fig. 5—Shrinkage and moisture loss of expanded slag block related to drying time 


Weights of the block, after resaturation following the first drying cycle, 
were generally slightly less than the original saturated weights. This difference 
represents a loss in moisture content as referred to the original saturated 
weight. These differences are shown as the first points in the 70 percent 
R.H. moisture loss—-drying time curves. The curves are referred to the 
weights of the block after the first saturation. Rates of drying at 70 percent 
R.H., following resaturation, show about the same trend as that for the 
initial drying at 25 percent R.H. Drying to 40 percent moisture ranged 
from 5 to 10 days, except for the expanded slag block cured with low-temper- 
ature steam and in moist air. The latter dried relatively slowly. With this 
exception, all block reached a moisture content of 40 percent upon drying 
at 70 percent R.H., and subsequent drying at 25 percent R.H., going from 
70 percent R.H., gave 20 percent moisture contents in about 2 to 10 days. 

Shrinkage—moisture content relations—Relations between shrinkage and 
moisture loss of block are important from the standpoint of specifications, 
and are given in Fig. 8 for sand and gravel, cinders, and expanded shale, and 
in Fig. 9 for expanded slag, sintered shale, and pumice. Each aggregate for 
each'type of curing is represented by two curves, the first gives the relation 
between shrinkage and initial drying at 25 percent R.H., with the data being 
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Fig. 6—Shrinkage and moisture loss of sintered shale block related to drying time 


based on the length and weight of block after saturation. The curves at 
the right are given in two segments; the first being for drying at 70 percent 
R.H., and the second for the second drying at 25 percent R.H. going from 
70 percent R.H. The first point in the second segment (25 percent R.H. 
drying) is the result of 1-day drying at 25 percent R.H.; the gap between 
the two segments represents the change during the first day of drying. 

Because the block, with the exception of the high-pressure steam-cured 
units, underwent a significant amount of permanent shrinkage during drying 
at 25 percent R.H., such as block might undergo during air storage if stock- 
piled long enough, allowance was made for this shrinkage (and also moisture 
loss relative to the original saturated weight) in the curves for the 70 to 25 
percent R.H. drying cycles. 

A convenient manner of presenting shrinkages at a definite moisture con- 
tent is to consider the shrinkage at 40 percent moisture content, the specifi- 
cations limit, and at 20 percent moisture content, an arbitrarily selected 
value. Shrinkage values observed at 40 percent moisture content during 
the first drying at 25 percent R.H. ranged from about 20 to 40 percent of 
the total shrinkage for sand and gravel, 20 to 50 percent for cinders, 20 to 
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Fig. 7—Shrinkage and moisture loss of pumice block related to drying time 


25 percent for expanded shale, 20 to 40 percent for expanded slag, 25 to 50 
percent for sintered shale, and 20 to 35 percent for pumice. High-pressure 
steam-cured block showed the largest percentage and high-temperature 
steam-cured block the lowest percentage of total shrinkage at 40 percent 
moisture content. At 20 percent moisture content, shrinkage in percent of 
the total potential shrinkage was 80 to 100 percent for the low-temperature 
and moist-air cured block, 30 to 70 percent for the high-temperature cured 
units, and 60 to 80 percent for the high-pressure steam-cured units. These 
results indicate that, for the stated conditions of drying, the high-temperature 
steam-cured units show a lesser tendency toward development of complete 
shrinkage than those cured by other methods at 40 and 20 percent moisture. 

The foregoing results show that freshly cured and saturated block when 
dried to 40 percent moisture content still undergo a major portion of potential 
shrinkage at 25 percent R.H. At 20 percent moisture content, the low- 
temperature steam and moist-air cured block manifested substantially com- 
plete shrinkage. High-temperature and high-pressure steam-cured units at 
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20 percent moisture con- 
tent still showed a high 
fraction of potential shrink- 
age. 

What happens in terms 
of degrees of total shrink- 
age for previously dried 
block upon redrying is 


shown on the right side of 
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plete shrinkage. In fact, 
Fig. 8 and 9 show that 
complete shrinkage was 
realized for many of the 
test specimens at moisture 
contents of 30 percent (slightly higher for expanded slag). 

Relations discussed for the block were quite similar to those of the bars 
except for the attainment of stabilized length and weight. Tabulated data 
summarizing these results are presented in the HHFA report. 

In general, comparison of block and bars made of the same mixes and 
cured in the same manner showed shrinkage results in good agreement. Re- 
duction in cement content failed to reduce significantly shrinkage of high- 
pressure steam-cured bars. High-temperature curing showed similar results 
for full and half-strength bars, with the exception of expanded shale. Shrink- 
age results for low-temperature curing, however, indicated that reduction 
in cement content effected significant reductions in shrinkage. 

High-pressure steam curing, compared to high-temperature curing, reduced 
shrinkage by amounts ranging from about 50 to 30 percent, with pumice 
showing the lowest reduction. Shrinkage of high-pressure steam-cured block 





Fig. 8—Shrinkage moisture content relation for indicated 
drying conditions for sand and gravel, cinders, and expanded 
shale block 
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° ) drying conditions for expanded slag, sintered shale, and 
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summary of data. The practicability, however, might limit the application 
of this method. 


CONCLUSIONS 


1. Block and bar specimens for comparable mixes and conditions gave about the same 
shrinkage with only a few exceptions. Considering all factors, it may be stated that the 
bars, machine molded in the laboratory, are suitable for evaluating shrinkage characteristics 
of concrete block. 


2. The specimens, except those autoclaved, underwent a permanent shrinkage during 
the first drying at 25 percent R.H., depending on both the type of aggregate and type of 
curing. Autoclaved units showed no significant permanent volume change except a small 
expansion in a few tests. 








240 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1953 


3. Curing at atmospheric pressure at temperatures of 73, 120, or 170 F in presence of 
moist air (or steam) resulted in nearly the same final shrinkage (at the end of the second 
drying and using the length and weight after resaturation as the reference basis). Results 
after the first drying indicated that high-temperature steam curing reduced somewhat the 
shrinkage of the cinder, sintered shale, and expanded slag block compared to moist-air and 
low-temperature curing. The other aggregates did not show any significant variations in 
shrinkage when cured at atmospheric pressure. 

4. High-pressure steam curing reduced shrinkage by approximately half compared to the 
other methods of curing, except for pumice in which the relative decrease, percentwise, was 
not so large. 

5. Sand and gravel units showed the lowest shrinkage among the aggregates tested. Cinders, 
expanded shale, expanded slag, and sintered shale showed approximately the same shrinkage, 
which was considerably higher than for dense aggregates. However, high-pressure steam- 
cured units of lightweight aggregates gave shrinkage values which were as low or lower than 
those for sand and gravel units cured at atmospheric pressure. Pumice showed a relatively 
higher shrinkage for both high-pressure and atmospheric curing; the shrinkage for the high- 
pressure steam-cured units being only slightly less than that for the group of four aggregates 
cured at atmospheric pressure. 

6. In the foregoing comparisons of results among aggregates, no allowance is made for 
the different amounts of cement paste present. Results of leaner mixes (giving approximately 
half-strength) showed some marked decreases in shrinkages for curing at atmospheric pressure 
(73-170 F). The high-pressure steam-cured units did not show this general tendency. 

7. A 40 percent moisture content does not correspond to any marked reduction in shrinkage 
for either the initial 25 percent R.H. drying or the redrying at 70 to 25 percent R.H. Con- 
sidering all factors involved, only about one-fifth to one-half of the potential shrinkage has 
developed when units are dried down to a 40 percent moisture content. The balance of the 
shrinkage will take place when the units reach equilibrium with 25 percent R.H. 

8. Noconclusive correlations were noted between tensile, flexural, and compressive strengths. 
The variation in ratios between strengths from one method of curing to another tended to be 
the same for specimens of each aggregate, the spread being the largest for sand and gravel 
units. 

9. Two-day strengths of high-pressure steam-cured specimens were similar to those of 
28-day moist-cured units, except for aggregates lacking reactive siliceous fines. These tended 
to give lower strength unless silica flour or similar material was added. 

10. Variations in strength of specimens made of comparable compositions of a given 
aggregate and method of curing showed no significant effect on shrinkage. 
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Title No. 50-13 


Torsional Rigidity of Rectangular Slabs* 


By KURT H. GERSTLET and RAY W. CLOUGHf 
SYNOPSIS 


Analysis of many three-dimensional monolithic structures requires infor- 
mation as to the torsional rigidity of the elements of which they are constructed. 
Because of rigid connections at the ends, warping of the members is restricted 
and bending stresses are induced with the torsion. For this reason, the 
elementary theory of torsion cannot be applied. 

In this paper the effect of end restraint on the torsional rigidity of rec- 
tangular slabs has been analyzed. The magnitude of the stiffening effect is 
found to vary with the length-width ratio of the slab. For square slabs, end 
fixity increases the rigidity by 80 percent. Even for slabs with length-width 
ratios of 6, the rigidity is increased by 8 percent. Experimental data are also 
presented, showing good agreement with the analytical results. 


INTRODUCTION 


Structures made up of slab elements rigidly joined together provide an 
efficient means of supporting loads. In many cases, such structures are 
subjected to forces acting in more than one plane, and consequently must 
be analyzed as three-dimensional structures. Some examples of such three- 
dimensional structures are skew rigid frames, spiral stairways, and the so- 
called “scissors” stairway consisting of inclined stairway slabs supported 
only at top and bottom and joined at mid-height by a cantilevered landing 
slab. 

Analysis of these structures requires information on the torsional properties 
of the slab elements of which they are constructed. This paper presents a 
theoretical analysis of the torsional rigidity of fixed-end rectangular slabs, 
together with experimental data substantiating the theory. The fixed-end 
condition assumed here implies complete restraint of the end sections against 
warping. In other words, the end sections will lie entirely within two parallel 
planes passed through the ends of the slab perpendicular to its axis, both 
before and after twisting. A concrete slab in a continuous structure, such as 
a horizontal slab member framed between two vertical walls, will behave 
approximately in this fashion. 


BASIC THEORY 


Torsional rigidity R may be defined as the torque required to develop a 
unit angle of twist in a member of unit length. For prismatic members, the 


*Received by the Enstinate Oct. Re: 1952. Title No. 50-13 is a part of copyrighted JourNAL or THE AMERICAN 
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ends of which are free to warp, the rigidity is dependent only upon a torsional 
stiffness factor C and the shear modulus G, and may be expressed 
Re... 
in which the constant C is a function of the dimensions of the cross section. 
Thus, if such a member is subjected to a constant torque 7’ along its entire 
length L, the total angle of twist ¢ between the two ends is given by! 
TL 


and the angle of twist per unit of length is given by 

do 7 

dz GC 

If the ends of the member are restrained against warping, the uniform 
rate of twist (along the length of the bar) which is implied in the above 
equations cannot exist, and the solution must be modified. In effect, in the 
zone where warping is restrained, the longitudinal fibers of the member 
are subjected to bending as well as shearing distortions and consequently 
the torsional rigidity is increased in this region. 

This is primarily an end effect and its importance depends upon the 
dimensions of the element considered. For long, slender members, it is 
relatively unimportant, but for short, stubby members such as the rectangular 
slabs considered in this paper, the increase of rigidity may be significant. 
Previous investigators have studied this effect in other types of members, 
e.g., 5. Timoshenko for the case of I-beams subjected to torsion,? and H. 
Wagner,* R. Kappus,* and J. M. Goodier® in their investigations into the 
torsional buckling of thin-walled members. 


DERIVATION OF FORMULA 


An equation for the twist of a rectangular slab fixed at one end and sub- 
jected to a torque 7 at the other end, as shown in Fig. 1, will be derived. 
At any section in this slab the applied torque may be assumed to be resisted 
by two components of internal force: (1) the torsional resistance of the slab 
itself when free to warp,7,:, and (2) the torque developed by the bending 
resistance of the individual fibers when warping is restrained,7,. Each 
of these components will be evaluated individually and then the total resist- 
ing torque will be obtained as their sum. 

The torque developed in the slab when the cross sections are permitted 
to warp is obtained directly from Eq. (2b). 


(3) 


The torsional stiffness factor C to be used in this equation when applied 
to plates, slabs, and other members having thin rectangular cross sections 
is approximately 14 bt® (see reference 2, p. 270, and reference 6, p. 168), where 
b is the width of the slab and ¢ the thickness. The error in this approximate 
expression is about 6 percent for b/t=10 and is smaller for thinner members. 
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Fig. 1—Slab with one end restrained against warping subjected to a torque 


The torque developed by bending of the longitudinal fibers in the slab may 
be evaluated by considering the slab to act as a system of parallel independent 
beams, each cf width dr (Fig. 1). The transverse deflection of the slab at 
any section parallel to its supports will be assumed to be linear; that is, the 
horizontal centerline of each cross section is assumed to remain straight 
as the slab is twisted. The validity of this assumption was demonstrated 
by the experimental results described in a later section of this paper. Under 
this assumption, the deflection y of any of these parallel beams at a given 
section will depend upon its distance r from the centroid of the slab, thus 

y= @f... oS Sy tha sc eee (4) 

The contribution to the total torque developed by the bending of each 
of these beams is equal to the shear force dV in the beam multiplied by the 
distance of that beam from the centroid of the slab. 

dT, = (dV)r 


But the shear force in the beam is directly related to its bending deformation 


: d’y d*p 
dV = — El) — = — E(dI)r — 
dx* dx’ 
and the moment of inertia of the beam of width dr is 
1 t8 
oo a 
12 


Substituting these terms and summing the torques contributed by all beams 
across the width of the slab gives the total torque developed by bending. 


b/2 d*g t° dr Et*b® d®@ 
Y= -2 we MS) a = SESS y 5 
se fr( e)( 12 144 dz ©) 


The total resisting torque at any section in the slab is then given by the 
sum of the two components 

do Et*b? d’@ 

T =T,+T, =GC— —- — 

. Bch da 144 dz’ 











244 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1953 


Letting p? = 12GC/EIb* (in which J = bt?/12, the moment of inertia of 
the slab cross section), this can be written finally 

a do _ 

dz* dz 

Eq. (6) is the differential equation for twist of a rectangular slab subjected 
to a torque 7. It may be considered as a special case of Wagner’s equation? 
for combined bending and torsion of thin-walled sections. 

The solution of the equation is 


’ 


GC Bis 

in which the constants C;, C2, and C3 are to be evaluated by consideration 
of the conditions imposed at the ends of the slab. Eq. (7) expresses the angle 
of twist @ as a function of the distance from the end of the slab. 


@ = Cy + Cre + Cyer* + 


TORSIONAL RIGIDITY OF FIXED-END SLABS 


Kq. (7) will now be applied in determining the total angle of twist developed 
between the two ends of a slab by a given applied torque. It will be assumed 
that the ends of the slab are completely fixed against warping. Thus the 
end conditions imposed on the slab may be expressed as follows: 
er sae 
dz, =o dzz=1 

Substitution of these boundary conditions into Eq. (7) yields the values 
of the three constants, and the final expression for the angle of twist at any 
section of the slab becomes 


dz:=0 = 0; 


(8) 


The angle of twist at the end of the slab is obtained by substituting x = L, thus 


‘ a T {2 — 2 cosh pL + pL (9) 
,ak = pGC eink pL p OE A Pe eS he ty Se ee a eee he eee ae ee PT ¢ 


This expression may be simplified greatly for slabs of normal dimensions. 


The quantity pL = =V - is greater than 4 for slabs with length greater 


T {1 — cosh pL + cosh p (L — x) — cosh pz 
o= “| Sarasa : + px 
pGc sinh pL 


than width. In this case, the following approximations are valid 


‘. epL 
sinh pL = cosh pl — os 


and Eq. (9) becomes 
ePl 


. mi L ae .- 
Gr =L ~ 6C 4 > ot 


But since e?” is a large number, the term C=") can be assumed to equal 
eP? 


— 1, yielding the simple expression 
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Taking E/G = 2.6 for metals and 2.3 for concrete, this result reduces to 
oz=L = a (L — 0.465 b) = = (1 — 0.465 +) Per OEE 33h. oe ... (11a) 
GC GC L 
T x TL iG 
osuL = Gc (L — 0.437 b) = ze (1 — 0.437 ) for concrete........ ...(11b) 


In the first form of Eq. (lla) and (11b), the stiffening effect of the end 
fixity may be interpreted as a reduction in the effective length of the slab 
equal to some fraction of the slab width. In the second form it is represented 
by a stiffening factor which depends upon the width-length ratio of the slab. 
It should be noted that the stiffening effect is independent of the thickness 
of the slab. 

Eq. (10) may also be written 

TL 
” K@C 
in which the term AGC represents the effective torsional rigidity of the 
fixed-end slab (compare with Eq. (2a) ). The factor K indicates the stiffening 
effect due to bending of the fibers. It has the value 

l 


K =————................ - se eee Fate pO. 8 (13) 
,-2/2 
au/ = 


For a square slab this represents an increase in stiffness of about 80 percent 
over the value obtained from the linear theory. For a slab with an L/b ratio 
of 6 the increase is still about 8 percent, becoming negligible for larger ratios. 
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EXPERIMENTAL VERIFICATION 


To verify the theoretical results expressed in Eq. (12) and (13) a test was 
performed on a %-in. aluminum slab, 20 in. long and cut progressively narrower 
to obtain results for various L/b ratios. The two end supports for the test 
slab were mounted in a rigid steel frame. One support was fixed in position 
while the other was mounted on a shaft so as to permit twisting about the 
axis of the slab but prevent any other displacements. Ends of the slab were 
clamped between the outstanding legs of pairs of 2 x 2 x \4%-in. steel angles, 
the other legs of the angles being bolted to the supports. These angles pro- 
vided complete restraint against warping to the end sections of the slab, 7.e., 
the sections at the lips of the angles. 


The test was performed by applying a torque to the movable support 
of the machine through a system of weights and pulleys, and measuring the 
resulting rotation by means of a dial gage. The theoretical variation of the 
factor K with change in proportions of the slab (for aluminum) and experi- 
mental values for various L/b ratios are shown in Fig. 2. It will be seen that 
a good correlation was obtained between theory and experiment. This 
figure also shows the range of validity of Eq. (10). For Z/b ratios less than 
1, the approximations involved in its derivation are not valid, and the theo- 
retical stiffening factor must be computed from the more precise Eq. (9). 
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Fig. 2—Stiffening effect due to end fixity in rectangular aluminum slabs (E/G = 2.6) 


A second check on the theory was made by measuring the angle of twist 
developed at various points along the span of a 6 x 12-in. slab of 4-in. thick 
Plexiglass rigidly clamped at both ends and subjected to a twist applied at 
one end.? According to the Muller-Breslau principle,*® the ratio of the angle 
of twist at any section to the applied twist at the end of the slab is equal to 
the ordinate of the influence line for torque reaction at the end of the slab 
due to a unit torque applied at the section considered. Thus, it was possible 
to determine from the experimental data ordinates to the influence line for 
torque reactions at points at which the angle of twist was measured. 

Similarly, the complete theoretical influence line may be obtained by 
dividing the equation for twist at any section along the span (Eq. 8) by the 
expression for twist at the end of the span (Kq. 9): 

T {1 — cosh pL + cosh p (L — x) — cosh pr | 
( sinh pL ae 
T (2 —2cosh pL | veeneess AMM) 

ml sinh pL ae pt) 
Simplifying this expression by the use of approximations as before, the final 
equation for the influence line for the torsional reaction of a rectangular 
fixed-end slab subjected to an external applied torque becomes 

perp ecer eee 

2° (2 — pL) et "4 —2L 
p 
The influence line thus computed for a 6 x 12-in. slab is plotted in Fig. 3, 
together with the ordinates determined experimentally. Again it is seen that 
good checks are obtained between theory and experiment. 

This same test was also used to verify the assumption that the deflections 

of the slab at any section perpendicular to the axis vary linearly across its 


(15) 
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Fig. 3—Influence line for torsional reaction due to an applied unit torque in a 6x 12-in. slab 


width. By means of a depth gage supported by a level datum plane, the 
deflections of the surface of the slab at several transverse sections were 
measured. Straight line deflections were obtained at each section, within 
the limits of accuracy of the measurements, thus indicating that this assump- 
tion is fully justified. 


CONCLUSIONS 


The preceding analysis and test results demonstrate clearly that end 
restraint can increase appreciably the torsional rigidity of rectangular slabs. 
The stiffening effect decreases as the length-width ratio of the slab increases, 
and may be neglected for ratios of six or greater. It is independent of the 
thickness of the slab. 


The torsional rigidity of a rectangular slab with its ends restrained against 
warping can be expressed conveniently by the factor KGC which depends 
only upon the material and geometric properties of the slab. This more 
rational factor may be used with the same ease as the conventional stiffness 
factor GC and therefore should offer no difficulties to the design engineer. 
The stresses in statically indeterminate space structures of the type mentioned 
in the introduction are affected to a considerable extent by the twisting 
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deformation of the component slabs. In analyzing these structures, it seems 
logical to take advantage of the increased torsional rigidity offered by mono- 
lithic construction just as the beneficial effects of continuity are considered 
in determining bending deformations. 
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Title No. 50-14 


Determination of Setting and Hardening Time 
of High-Alumina Cements by Electrical 
Resistance Techniques 


By J. CALLEJAT 


SYNOPSIS 

Using electrical resistance techniques developed by the author for deter- 
mining the setting time of cement pastes, differences in the behavior of 
high-alumina and portland cements are established experimentally. These 
techniques are based on variations in electrical resistance of cement pastes 
during setting. 

Experimental results indicate that this method cannot be applied to high- 
alumina cements in the same manner as used for portland cements, due to 
probably a partial overlapping of setting and hardening processes in high- 
alumina cements. 


INTRODUCTION 

Earlier work on electrical resistance changes in the setting and hardening 
of portland cement pastes':? provided much information for the application 
of this technique to high-alumina cement pastes. This paper gives an account 
of two experiments, and attempts to explain the difference in performance 
between portland cement and high-alumina cement pastes. High-alumina 
cements are, of course, different from portland cements in composition and 
manufacture; there are also differences in setting, hardening, and practical 
uses.* 4 

Shimizu,® in studying electrical conductivity of cement pastes under iso- 
thermal conditions, found two characteristic points in the conductivity-time 
curves for high-alumina cements, but only one point for portland cements. 

Michelsen® studied galvanic currents generated between two metals inserted 
into a cement paste. When he tried to use this method to find the time of 
setting of certain cements, including high-alumina cement, he found no 
correlation between the voltage-time and temperature-time curves. Results 
also differed from those obtained by the Vicat method. 

Jesser? experimented with electrostatic techniques in investigating setting 
and hardening of cement pastes. He found an important difference between 
the behavior of portland cement and high-alumina cement during setting. 
In portland cement, setting is a continuous process, whereas in high-alumina 
cement it is not. 
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Fig. 1—Top: Temperature-time (T-t) curves obtained during setting of high-alumina cement 
pastes made from sample A. Bottom: Electrical resistance-time (R-t) curves of the same pastes. 
Percentages of mixing water are given in Table 1 


The influence of temperature on the setting of cement pastes was investi- 
gated by Brocard.? He found that the influence of temperature on setting 
was different between high alumina and portland cements. 


EXPERIMENTAL WORK 


Two samples (A and B) of high-alumina cement from the same cement 
plant, taken at different times and from two different sites, were made into 
neat pastes and used to develop resistance-time (R-t) and temperature- 
time (7-t) curves (Fig. 1 and 2). The percentage of water in the pastes 
and their setting times are given in Tables 1 and 2. In general, the per- 
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Fig. 2—Top: Temperature-time (T-t) curves obtained during setting of high-alumina cement 
pastes made from sample B. Bottom: Electrical resistance-time (R-t) curves of the same pastes. 
Percentages of mixing water are given in Table 2 


centage of water in the paste was just enough to attain normal consistency, 
but in some tests the water content was varied to observe its influence. The 
tables and figures show that if the technique’ used for portland cements is 
applied to high-alumina cements, then the R-t and 7-t curves give different 
values for the setting time of the pastes. The beginning and end of setting 
occur earlier according to the R- curves than the T-t curves, and the setting 
interval is much longer by the T-t curves as compared to the R-¢ curves. 

The absolute value of electrical resistance for high-alumina cement pastes 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1953 


TABLE 1—SETTING TIME OF SAMPLE A 








Setting time Setting time 
Water in according to R-t curves according to T-t curves Maximum 
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is found to be around ten times the magnitude recorded for portland cement 
pastes. Also, the rate of increase of resistance in high-alumina cement pastes 
is much greater after the second minimum value recorded on the R-t curve. 
The increase in temperature is also greater for high-alumina cement than is 
generally observed in the case of portland cement. 

Differences in test results. obtained from the two sets of samples, coming 
from the same source, are readily accounted for by the effect of different 
periods and conditions of storage. Effects of exposure and temperature 
have considerable influence on high-alumina cements as does also the tem- 
perature of the mixing water and the ambient temperature during setting.® 


TEST RESULTS 


In the first series of tests, run on sample A, the following were noted: (a) 
the maximum temperature reached was 35 C and this was reached slowly; 
(b) the initial resistance of 200 ohms increased to 350 to 1000 ohms after 9 hr, 
and the increase of resistance after the second minimum value on the R-t 
curve was slow; and (c) difference in beginning of setting as indicated by 
T-t and R-t curves is 1 hr and the difference in end of setting is 5 hr, with 
these differences remaining practically constant. 

Data obtained in the second series of tests on sample B showed that: 
(a) maximum temperatures to be reached were between 45-50 C; (b) initial 
electrical resistance of 250 to 300 ohms increased to 1000 ohms in all cases 
after 9 hr, with the increase after the second minimum value on the R-t 
curve being rapid; and (c) differences in setting between T-t and R-t curves 


TABLE 2—SETTING TIME OF SAMPLE B 
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are 1 hr for the beginning and 2) to 3 hr for the end of setting with these 
differences remaining practically constant. 
In both sets of experiments, values corresponding to the beginning of setting 
on the T-t curves, and the maximum values on the R-¢ curves are the same. 
The effect of varying the water content in the pastes is not clear, at least 
over the range of values used in these tests, as may be seen from Tables 
1 and 2 and Fig. 1 and 2. 


DISCUSSION 


The setting and hardening of hydraulic cements are usually considered 
as successive rather than simultaneous phenomena. Setting can be con- 
sidered as the physicochemical transformations undergone by the cement 
from the time it comes in contact with the mix water until these transfor- 
mations virtually cease, i.e., until their rate has decreased to a value that is 
small compared to what it was immediately before. Hardening would be 
the physical or physicochemical transformations undergone by the cement 
at slow rates after setting is over. 

An interpretation of results obtained and their comparison with those 
obtained for portland cements is on the following basis (see reference 1). 

In any hydraulic material, whose hydration reactions are exothermic, 
the beginning and end of setting are defined by the moment at which the 
temperature begins to rise appreciably and the moment when it reaches its 
maximum value, respectively. 

As seen in the 7T-t and R-t curves of Fig. 1 and 2, in contrast to what occurs 
with portland cement, neither the first minimum point coincides with the be- 
ginning of setting, nor the second minimum point with the end of setting. In 
view of the coincidence between the beginning of setting, as given by the T-t 
curves, and the maximum values of the R-t curves, these maxima seem to 
indicate the beginning of setting. 

Fig. 3 shows a typical J-¢ curve and the R-t curve (a) for high-alumina 
cement for the second set of tests. The dotted lines (b) represent R-t curves 
that would be obtained if high-alumina cement were to behave in the same 
manner as portland cement. It will be seen that the beginning P and end 
of setting F, according to the T-¢ curve and dotted R-t curve (b) for portland 
cement, are displaced to the right with relation to points P’ and F’ on the 
R-t curve (a) for high-alumina cement. The interval J is also greater than the 
interval I’. 

Diagram 1 in Fig. 3, corresponding to curves (b) for portland cement, shows 
how the behavior during setting and hardening can be explained if they are 
considered successive processes. Diagram 2 corresponding to curve (a) for 
high-alumina cement, shows that the behavior of this cement makes it 
necessary to consider an overlapping of setting and hardening, based on the 
following considerations. 

Conductivity, and therefore electrical resistance of the cement paste de- 
pends on the ionic conductivity of the “solution,” which in turn depends on 
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Fig. 3—Top: Typical T-¢ curve obtained during setting of a cement paste. Bottom: Cor- 
responding R-t curves for high alumina (a) and for portland-cement pastes (b) 


other factors including temperature, and the ohmic type resistance, cor- 
responding to the solid phase. This physical resistance (ohmic) increases 
continually due to the setting of the paste.' From the time setting begins, 
the electrical resistance of the changing paste increases, while the temperature, 
which affects the solution more than the solid phase, tends to decrease the 
resistance.* The maximum point M of the b curves in Fig. 3 is the equilibrium 
point for both tendencies. From that point on, the temperature effect pre- 
dominates over the development of set thus decreasing the resistance. The 


*If the paste were to behave as a solid semi-conductor,® the increase in temperature would decrease the electrical 
resistance, although this would become noticeable only at temperatures much higher than those considered here. 
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minimum value F marks another equilibrium point, from where the solidi- 
fying effect begins to predominate and so increases the resistance as the temper- 
ature begins dropping. 

Before the initial set of the paste, indicated by point P on the 7T-¢ curve in 
Fig. 3, a minimum point p’ appears on the R-t curve (a) for high-alumina 
cement. From here on the electrical resistance increases and must be at- 
tributed to the increasing rigidity of the paste. 

At the point M’, the temperature begins to rise considerably and the effect 
of this is to reduce resistance by predominating over the increase in rigidity 
of the solid phase. Consequently M’ on the R-t curve may indicate the be- 
ginning of setting of high alumina-cement. 

At point F’, before the maximum on the 7-¢ curve is reached, the effect of 
the solidifying of the paste begins to predominate and consequently increases 
the resistance. This increased resistance begins at F’ and continues in- 
creasing even though the temperature is also increasing. Even the maximum 
value F of the T-t curve does not represent a definite change in the continu- 
ally increasing trend of the last section of the R-t curve. That is, since F’ 
does not represent the end of setting, the R-t curve does not record the end 
of setting for high-alumina cement. 


The first upward sloping portion P’M’ of the R+ curve in Fig. 3 is due to 
a modification of the solid phase rather than to a reduction in ionic con- 
centration of the solution. This appears evident since temperature increases 
the solubility of the cement components,* and also the ionic mobility of the 
resulting solution. Therefore, if no change took place in the solid phase, 
working against the effects of temperature, the section M’F’ would tend to 
decrease over a greater interval corresponding to the increasing interval 
PF on the T-t curve. 

As indicated in reference 1, the point F’ on the R-¢ curve is somewhat 
advanced relative to point F on the T-t curve. This is due to the inertia* 
inherent in the method utilized to obtain the 7-4 curve, but this does not 
explain the great delay noted in the case of high-alumina cement. 

The fact that the absolute value of the electrical resistance of high-alumina 
cement paste is much greater than that for portland cement is due to the raw 
materials from which it originates, method of manufacture, low-alkali content, 
and little lime liberation during setting.®!° Consequently, with respect to 
these factors, the ionic concentration during the solution period of high- 
alumina cement is much less than for portland cement. Therefore, its con- 
ductivity is also lower. 

For these reasons, in defining the end of setting, the T-¢ curves are much 
more useful than the R-¢ curves. This also applies to any method used in 
defining the end of setting of high-alumina cements, and especially those 
based on the change in mechanical properties of the paste. This is particu- 
larly true of Vicat’s method, which has been and continues to be used for 


*Some time is required for thermal equilibrium to be established between the changing system and the 
instrument which records the temperature. 
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high-alumina cements. Vicat’s test defines the end of the setting period of 
high-alumina cements by a point, which corresponds to a value near P on 
the T-t curve of Fig. 3 in the P to F interval. 


CONCLUSIONS 


1. Experimental facts indicate that the technique based on variations in 
electrical resistance of cement pastes used for the determination of the begin- 
ning and end of setting of portland cement cannot be applied to high-alumina 
cement. 

2. The beginning of setting for high-alumina cement seems to correspond 
to the maximum value of the R-t curves, and to the point on the T-¢ curve 
at which the temperature begins to rise steeply. 

3. In the case of high-alumina cement, the second well-defined minimum 
point of the R-t curves does not coincide with the maximum on the T-t 
curves, as in portland cements, and therefore does not correspond to the end 
of setting. 

4. The end of setting, for high-alumina cement, is not defined by the R-t 
curves. 

5. These facts are apparently accounted for by the overlapping of the 
setting and hardening processes in high-alumina cement. 

6. Different results obtained with cements from the same source show the 
influence of storage on the behavior of high-alumina cements. 
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Discussion of a paper by J. Calleja: 


Determination of Setting and Hardening Time of 
High-Alumina Cements by Electrical Resistance 
Techniques* 


By E. H. WATERS and AUTHOR 
By E. H. WATERST 


Dr. Calleja’s paper is interesting not only because of the information it 
contains about the setting of high-alumina cements but also because of the 
light it throws on the results obtained in his earlier investigation of the use 
of electrical resistance techniques for the study of the setting and hardening 
of portland cements.' 

In the discussion of that paper? it was pointed out that the differences in 
time between the occurrence of the maxima of the temperature curves and 
the minima of the resistance curves were such that it seemed rash to claim 
(as Dr. Calleja had done) that they were wholly due to the heat capacity of 
the thermometer and associated apparatus. It was suggested that further 
investigation was necessary on this point because it was felt that other factors 
besides heat capacity were probably responsible in part for the observed 
differences. The data presented by Dr. Calleja on high-alumina cements 
now provide some evidence in favor of that idea. 

In his experiments with portland cements Dr. Calleja found the differences 
between the characteristic points of the resistance and temperature curves 
small enough, relative to the total setting time, to enable them to be ignored 
for practical purposes and so permit resistance measurements to be used to 
determine the time of set. The results of the investigation now reported on 
high-alumina cements however show such a wide divergence between the 
resistance minima and the results obtained by the more conventional methods 
that resistance measurements become useless as a means of measuring the 
final set. To explain the difference in behavior he has observed in his re- 
sistance measurements on the two types of cement, Dr. Calleja commences 
by saying that “the setting and hardening of hydraulic cements are usually 
considered as successive rather than simultaneous phenomena.” He then 
goes on to postulate that high-alumina cement differs from portland cement 
(and presumably, from the above quoted statement, from most other hydraulic 
materials) in having the hardening and setting processes overlapping and on 
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this basis explains why the second minimum of the resistance time curve 
appears so much earlier (relative to the temperature-time curve) for high- 
alumina cement than for portland cement. 

To regard the setting and hardening of a cement as successive rather than 
simultaneous phenomena is surely an over simplification. Setting and harden- 
ing must always overlap, otherwise the setting reaction would not be so 
called. It is the appearance of a certain amount of hardening of the paste 
which makes us say that it is setting. Most of the methods of determining 
setting time depend on measuring the hardness of the paste (Vicat’s needle, 
Gillmore’s needle, etc.). The temperature maximum is used as a measure 
of setting time (and the reaction which produces it called the setting reaction) 
only because it occurs when the paste has reached a certain degree of hardness. 

Since there is no sharp end to the setting process of any hydraulic material 
and consequently all the various methods of measuring setting time are 
arbitrary, no two can be expected to give exactly the same answer. The 
temperature maximum for example will not coincide with the end of the 
set as defined in the first paragraph of the “Discussion” (p. 253) except in 
an almost adiabatic system. In such a system the curve will be so flat-topped 
that the position of the maximum will be difficult to define with any pre- 
cision. The usual temperature-time curves obtained are of the types shown 
in Fig. 2 and 3 with a fairly sharply defined maximum showing that the 
system departs considerably from the adiabatic condition. Not only the 
sharpness of the peak but also the time of its occurrence will be affected to 
some degree by the extent of this departure. To define the end of set as the 
moment when the temperature reaches its maximum value is thus only 
slightly less arbitrary than defining it by the mechanical behavior of the 
cement paste under the impact of a loaded needle. 

It is thus impossible to separate in time the setting and hardening of any 
hydraulic cement. The extent to which hardening has taken place before 
the arbitrarily defined end of set and the extent to which the heat-producing 
chemical reactions continue after hardening is detectable will vary with 
different cements, but some overlap will always be found. That is, the 
tendency for the resistance of the paste to increase, because of the decrease 
of ionic mobility accompanying hardening, will begin before the rise in temper- 
ature, with its tendency to reduce resistance, has ended. Hence the minimum 
in the resistance-time curve will, in general, occur before the maximum of 
the temperature-time curve. With portland cements the difference is fairly 
small as Dr. Calleja’s earlier results show, but with high-alumina cements 
it is much greater as the results under discussion have shown. In general, 
the form of the resistance-time curve will depend then on the extent to which 
the exothermic chemical reaction must proceed before the resultant hardening 
causes appreciable interference with the mobility of the ions of the solution 
and so increases the resistance of the paste. It is conceivable that with some 
materials there would be no minimum at all; if, for example, a very small 
amount of reaction was sufficient to produce a great deal of mechanical 














SETTING AND HARDENING TIME OF HIGH-ALUMINA CEMENTS 256 - 3 


hardening the resistance could be expected to increase continuously. The 
intermediate case where the two effects are in balance for some time has 
frequently been observed by the Division of Building Research with plaster 
of paris where the resistance-time curve usually shows only a plateau 
(occasionally a very shallow minimum) before the final steady rise in 
resistance. 

The differences observed between the changes in electrical resistance of 
portland and high-alumina cements thus reflect a difference in the setting 
behavior of these cements not in kind but in degree only. 

Dr. Calleja’s diagram in Fig. 3 and his accompanying explanation are an 
over simplification—setting and hardening always overlap (otherwise the 
setting reaction would not be so called)—the question is solely the degree 
to which this occurs. 
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AUTHOR'S CLOSURE 


Though there is copious literature on the hydration process of portland 
cement, relatively little has been written on the hydration of high-alumina 
cement. In our present state of knowledge, the idea of a partial superposition 
of the setting and hardening processes in high-alumina cement, to account 
for the differences exhibited by these in respect to portland cement, should 
be viewed only as a working hypothesis. In this sense the viewpoint of Mr. 
Waters is highly interesting either as an alternative, or even an opposite 
hypothesis. 

I shall attempt to give below the facts and ideas which have led me to 
assume that in the case of portland cement the setting and hardening phe- 
nomena should be considered to occur consecutively rather than simul- 
taneously. These, however, are relative terms, both total superposition and 
exact succession being limiting cases, which may not arise in practice. 

It is true, as Mr. Waters says, that “it is the appearance of a certain amount 
of hardening of the paste which makes us say that it is setting,’ and hence 
“the majority of methods to determine setting are based on the measure 
of hardness of the paste.’”’ If there was no sharp end to the setting process, 
then, evidently, all the methods referred to before would be arbitrary. On 
the one hand, not two of them would yield the same result, and on the other, 
the results according to the same method, would vary with changing experi- 
mental conditions. 

But on analyzing the well defined minima exhibited by the R-t curves, and 
the well defined point which separates the two sections of the dielectric 
constant-time curves (in the case of portland cement pastes),' we were led 
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to consider the possibility of a discontinuity in the hydration phenomena. 
Or, what is the same thing, a sequence in the setting and hardening phenomena 
for these cements. 

There is a second stage in these research studies now being conducted at 
this institute. It consists in checking whether this supposed discontinuity 
is also reflected in the hardness of the paste, and if so, to establish whether 
it coincides in time with that observed by electrical procedures. The methods 
utilized and the results so far obtained (which will be published in detail 
later) are as follows. 


A mechanical device has been adopted,’ consisting of a toothed wheel 
which rotates, penetrating about 2 mm below the surface of a cement specimen 
just molded. The axis of the wheel moves longitudinally all the time, so 
that the wheel acts continuously on new parts of the paste. The current 
(intensity) necessary to drive the wheel was measured at close intervals. 
From this measure it was possible to calculate the work necessary to separate 
the particles of paste. It has been observed that the work, which was small 
and almost constant at first, became suddenly much larger at a given stage. 


Simultaneous experiments have shown that this change occurs at the same 
time both along the dielectric constant-time curve and along the R-t curve. 
This fact once again inclines us to regard as reasonable the hypothesis that 
setting and hardening are consecutive phenomena in the case of portland 
cement, since the moment at which this change occurs (namely, the increase 
in force to drive the wheel) corresponds closely to the end of the setting 
period as indicated by the Vicat needle. Besides, this fact seerhns to show that 
the Vicat test is not so arbitrary as we ourselves had imagined (not as regards 
the nature of the method, but as regards the nature of the phenomenon to 
which it is applied). 

It will be interesting to study (and it is now being attempted, though for 
the moment no definite data are available) the behavior of high-alumina 
cements under this dual mechanical and electrical test. The result may 
perhaps indicate which of the two hypotheses is more acceptable. 

For the moment, the study of the depth of penetration of the reaction 
within the cement granules after a given time shows this to be much greater 
in the case of high-alumina cement than in portland cements.’ This indi- 
cates the former to have a much greater rate of reaction, which is one of the 
reasons why high-alumina cements have high initial strength (cf., the penul- 
timate paragraph). 

There is, besides, the possibility (indicated by Waters) that there may be 
materials for which, almost as a limiting case, the R-t curves show a continuous 
increment without a minimum. The intermediate instances observed by 
Waters, such as plaster of paris, suggest that high-alumina cement might 
be one of these, with its own peculiarities. 

As to the essential difference in the setting of portland and high-alumina 
cement, as observed by the variation of the electrical resistance of the paste, 
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the present state of the problem, from the physicochemical standpoint, may 
be summarized thus:* 

In spite of the external similarity of the hardening phenomena of portland 
and high-alumina cement, these are essentially different as regards the chemical 
reactions which occur in their hydration. The reason is that for portland 
cement silicates rich in lime predominate, while in high-alumina cement 
there are more aluminates which are less basic. The hydration reactions of 
the silicates liberate lime while in the case of the aluminates lime is absorbed 
and fixed. Hence, in portland cement, which contains silicates and alumi- 
nates, both types of reactions (which in a certain sense are opposite) are 
present. This is not so for high-alumina cement. Although this cement 
also contains some dicalcium silicate and mono- or dicalcium ferrite, their 
rate of reaction with water is so slow, compared with that of the aluminates, 
that they certainly do not participate in the early stages of the hydration 
process, and only slightly in the latter part of the process. 

In contact with water, portland cement immediately forms a strongly 
oversaturated solution of lime, which slowly attains the saturation con- 
centration. High-alumina cement forms a solution of lime and alumina, 
whose molar ratio is about 1:1.4 This varies with the amount of water, but 
it is hardly sensitive to the greater or smaller amount of alkalies present. 
Furthermore, the alkalinity of the solution in the presence of portland cement 
decreases slowly in the course of hydration, while in the case of high-alumina 
cement this is not so. 

During the hydration of high-alumina cement the concentration of alumina 
in the solution exhibits two maxima, observed by various authors, among 
them Koyanagi.’ This indicates the superposition of at least two reactions. 
This may be assumed to be due to the hydration of the two main calcium 
aluminates which make up the high-alumina cement, namely, monocalcium 
aluminate and monocalcium dialuminate. It would be assumed that the 
hydration of the former develops more rapidly than that of the second. Thus 
the first maximum would correspond to the solution of the monocalcium 
aluminate, and the second to that of monocalcium dialuminate. 

Although there are authors* who admit that both reactions occur separately 
and consecutively, this cannot be accepted, since the granules of high-alumina 
cement (in the same manner as portland cement) corrode from outside toward 
the center. At a given moment during the hydration process both aluminates 
should begin to react simultaneously with the water. Hence these are two 
processes which proceed concurrently. The existence of two maxima in the 
concentration of alumina in the solution is to be explained by the different 
rate of reaction of each aluminate. These two maxima are not to be at- 
tributed to two consecutive processes, but rather to simultaneous phenomena. 

Shimizu’ found differences in the conductivity-time curves for portland 
and high-alumina cement, in the sense that curves for the latter had a 
maximum and a steeply decreasing part, while those for portland cement had 
only the decreasing part. 
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There are various authors,® in addition to those already cited,‘:? who, by 
means of calorimetric and conductivity methods, have sought information 
on the chemical processes associated with the hydration of high-alumina 
cement. 


But it is not only the solution process which is totally different when port- 
land and high-alumina cement are in contact with water. The formation of 
new solid phases is also different for both. According to Assarsson,® hydrated 
dicalcium aluminate is formed from monocalcium aluminate only at medium 
temperatures (20 C). At higher temperatures stable hydrated tricalcium 
aluminate is formed, and below 5 C there is a first stage of unstable hydrated 
monocalcium aluminate, which tends to become stable. Thus at all stages in 
the hardening of high-alumina cement one comes against unstable systems, 
which only attain stability after much time. 


As regards hydrated compounds of silica and lime and ferric oxide and lime 
in high-alumina cement, these are undoubtedly very different from those of 
portland cement. Considering the hardening process of high-alumina cement, 
the fact that calcium aluminates are more soluble than the silicates leads 
one to think that this process must be based on crystallization. However, 
as a result of microscopic and x-ray investigations, it is now unanimously 
admitted that the hardening of high-alumina cement is due to colloid chemical 
transformations. 


According to the ideas of Assarsson,® the hydration o* high-alumina cement 
has a double character. Firstly there is a solution process in accordance 
with the scheme of Le Chatelier. Then there is a swelling phenomenon, 
according to the ideas of Michaelis on hydraulic hardening. This double 
aspect was emphasized later by Kiihl and Berchem.* 


In addition to that, in the hydration of all hydraulic cements there is a 
shrinkage, which in the case of high-alumina cement is three times greater 
than for portland cement.'® It is not wrong to suppose that this high contrac- 
tion is one of the essential factors in the rapid initial hardening of high-alumina 
cement.* It must be added that this is a purely physical factor even though 
it is the consequence of chemical processes. 


Finally, we think that there are good reasons to accept as a working hypo- 
thesis the fact that the difference between portland and high-alumina cement, 
in so far as setting is concerned, is due to a partial superposition of the setting 
and hardening processes in high alumina cement. There are also well estab- 
lished facts which show the profound differences in both the physical and 
chemical aspects which distinguish high-alumina and portland cements. 
These may well account for the differences exhibited in the R-t curves for these 
two cements. 
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BY WAY OF SYNOPSIS 


K. G. RADHAKRISHNAN and T. Y. 
mate load design. 


Lin discuss load factors to be used in ulti- 


Tests of effect of ambient temperatures and hot cement on early stiffening 
of concrete are reported by E. L. Howarp. 


Frep F. Van Atta describes concrete street markers used in the 


Carolinas. 


Load Factors in Ultimate Load Design (LR 50-6) 


With reference to T. Y. Lin’s paper, “‘Load 
Factors in Ultimate Load Design of Rein- 
forced Concrete,” in the June 1952 JouRNAL, 
p. 881, the writer would like to suggest a 
deviation in deciding upon the load factors. 
For most structures it is necessary that the 
structure withstand a certain amount of 
overload of live load without plastic deforma- 
tions. Carrying the realistic approach 
further, strain being the measurable quan- 
tity and stress only a conception, the writer 
suggests that the design be based upon a 
certain overload factor for live load, such 
that the deformations are within the elastic 
range, and another load factor for fixing the 
ultimate strength; both load factors would 
be determined by and judgment 
depending upon the probability of occurrence. 
The load factors so fixed would be constant 
for all structures even for varying dead load- 
live load ratios. Any variation in the nec- 
essary load factor for design would be due 


experience 
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W. MeNichols Rd., Detroit 19, Michigan. 


only to the desirable degree of resistance to 
failure. 

With the mass of data available, 
possible to determine the elastic 
different conditions (7.2., percentage of steel 
reinforcement, etc.). Furthermore, such 
load factors could be used not only for con- 
steel 


it seems 
range for 


crete design but also in the design of 

structures. 
K. G. RADHAKRISHNAN, Civil 
and Hydraulic Engineering 
Section, Department of Pow- 
er Engineering, Indian In- 
stitute of Science, Bangalore, 
India 


Mr. Radhakrishnan’s suggestion for two 
sets of live load overload factors—one for the 
elastic range and another for the ultimate 
strength The idea is 
basically similar to what is being used in the 
airplane structures... However, 
when applied to reinforced concrete, the 


deserves serious study. 


design of 


5, No. 3, Nov 


1953, Proceedings 
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problem is more complicated. First, it is 
difficult to define the elastic range for concrete. 
Second, the elastic range for reinforcing steel 
is often very nearly the ultimate strength of 
the member itself. Third, many engineers 
think that load factors—whether for the 
elastic range or for the ultimate strength 
should not necessarily be the same for all 
materials of all grades. This was why the 
author suggested the use of allowable ulti- 
mate strengths. 

In addition to the elastic range, other 
criteria for useful strength are just as im- 
portant if not more so. The author mentioned 
in the paper that structures designed by 
ultimate strength theories should be checked 
for repeated loads and limiting deflections—a 
point also brought out by Hognestad in his 
paper “Fundamental Concepts in Ultimate 
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Load Design of Reinforced Concrete Mem- 
’* For reasons of simplicity and con- 
sistency, the author prefers to use only one 
set of load factors, but to check for all the 
other limits, including the elastic limit, if 
necessary. 

Mr. Radhakrishnan states that the load 
factors would be constant for all structures. 
While this sounds desirable, it cannot be 
accomplished in the United States until all 
design loadings are revised. At the present 
time, our discrepancies between actual and 
design loads vary for different structures, 
e.g., bridges are more heavily overloaded 
than buildings. 


bers.’ 


*ACI JourNAL, June 1952, Proc. V. 48, p. 809. 


T. Y. Lin, University of 
Ghent, Ghent, Belgium. 


Hot Cement and Hot Weather Concrete Tests (LR 50-7) 


“Add 10,” a common greeting to mixer- 
truck drivers during hot weather, means the 
addition of water on the job to concrete 
mixes which have partially set during hauling. 
In our valley, summer concrete is almost 
always retempered before it is placed, and 
a 4-in. loss in slump from plant to jobsite is 
not uncommon. Hot cement has 
charged with the blame in most cases. 

In recent investigations it was hoped some 
evidence would be found for or against the 
suspect, cement. 
cement 
concrete. 


been 


In job practice some hot 
caused no visible change in the 
We supposed that each brand 
would act differently so this study included 
five brands of cement. 
We found that three 
exhibited no flash set when heated before 
use in the concrete mix. Concrete when 
made with two other brands stiffened quickly 
when the heated cements were added to the 
mix. In each case it was difficult to work 
the concrete into the test cylinders at first, 
but as molding continued the workability 
increased. 
Concrete 


brands of cement 


made with cement not heated 
(used at 70F) evidenced no flash set. Samples 
were kept at 110F until tested for flow. 
From these tests we concluded that ‘cool’ 


cement of certain brands had a greater 
stiffening effect on concrete in hot weather 
than others. Rapid hardening of concrete 
in the summer is expected, but the rapid 
loss of slump in the first few minutes necessary 
for delivery to the jobsite poses an important 
“Add 10” 


answer to the 


problem. is the job superin- 
This 
addition of water at the job makes concrete 
of lower than design quality. 

When using cements known to cause early 


stiffening of the concrete, design strengths 


tendent’s problem. 


can be maintained on the job only by using 
lower than normal water-cement ratios. This 
means higher cement contents to compensate 
for water added on delivery. A method of 
test to discover quickly this margin for safe 

The test 
from this 


design is in the development stage. 
data here are the first to 
effort. It is hoped to deliver concrete in hot 
weather using these quick stiffening cements 
without worry of less than specified quality 
on the job. 

The first part of this study was tests of 
concrete using preheated cements. Cement 
was carefully heated to just the temperature 
desired (200F and 300F), and used with 
other ingredients at room temperature to 
make After five-minutes mixing 


come 


concrete. 
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| W/C, | Cement 
|  Pro- gal. | temp- 
Cement | portions | per sack | erature, 
| by weight | of cement | deg F 
AY eee 74 70 
A 1-5.4 | 7% 200 
A 1-5.4 714 | 300 
B | 15.4 | 7% 73 
B | 15.4 | 7% 200 
B 15.4 | 7% 300 
c | 4] 7% 70 
Cc | 1-6.4 71% 200 
c | 1.4 714 300 
2 | 154 | 7% 70 
E 1-5 ..4 7% 200 
E 15.4 | 7% 300 
J | 15.4 | 7% | 7 
J 1-5.4 | 7% 200 
J 1-5.4 714 300 


the concrete was placed in the cylinders. 
Molding, curing, and breaking of the cylinders 
was done in the standard manner. The test 
for early stiffening, or flash set, was a visual 


one. Even those cements that stiffened 
rapidly, softened again under continued 
working and molding. 

Field experience confirms the data in 


Table 1. It will be noted that the heated 
mixes yielded reduced strengths in 28 days, 
with those cements that had the false set. 


We have no explanation for the behavior of 
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Compressive 
Concrete strength, psi 
temp- False 
erature, set 7 28 
deg F day | day 
te . -— ; | ——---- 
68 | None 2850 | 4750 
92 | Yes 3480 4500 
101 Yes 3360 4350 
76 None 2410 3820 
90 Yes 1580 | 3360 
100 Yes 1660 3480 
69 None 2040 3250 
92 None 2240 3280 
103 None 2260 3250 
72 | None 2050 3650 
93 None 1850 3650 
105 None 1870 3650 
7 ‘| None 2570 4430 
86 | None 2300 4090 
95 | Slight 2240 4150 


brand A as compared to brand B. B loses 
strength in seven days when the cement is 
hot while A gains in seven-day strength. 
This phenomenom can be observed in the 
field, and unexplained though it may be, 
we were not surprised when it appeared in 
these test data. 

In the second part of the tests all ingre- 
dients were mixed at room temperature, and 
placed in conical-shaped paper molds. These 
samples were kept in an oven at 110F, which 


contained a pan of calcium chloride to 


Minutes in Oven at 110°F 


+e 
. 





ve 2» Ze 
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Fig. 1—Comparative flow of con- 
crete using several brands of 




















cement 
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maintain a dry atmosphere. Flow tests 
were made at ten-minute intervals to de- 
termine the rate of stiffening. Cylinders 
were not taken from these batches, and the 
mix was identical to that used in the first 
group. 

Concrete when freshly mixed for these 
tests had the temperature shown in Table 1 
for cement at 70F. Six samples for each 
batch were prepared and stored in the oven, 
and in ten minutes the concrete had reached 
its optimum heat of 92F. Samples remained 
at this temperature for the duration of test, 
while the oven-air temperature was a con- 
stant 110F. 

Only cement B stiffened rapidly during 
these first ten minutes, while cement A, a 
false setter when preheated, compared very 
closely to cement C which shows no signs 
of false set when hot. It is seen from Fig. 1 


Street Markers (LR 50-8) 
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that four cements lost no workability between 
10 and 20 minutes but stiffened quickly 
thereafter. Only cement J had a uniform 
loss ‘of workability from the start to finish 
of test. 

A field man would say that cement J stiffens 
less on a long haul, cement C has no false 
set, cement B sets quickly when hot or in 
hot weather, and cement A and cement E 
would not be delivered hot. These comments 
encourage more study along the lines of 
these reported data. Perhaps, the day is not 
too distant when the loss of slump from 
plant to job can be predicted and design 
adjustments made to insure quality concrete. 


E. L. Howarp, Testing En- 
gineer, Pacific Coast Aggre- 
gates, Inc., San Francisco, 
Calif. 


Concrete street markers are a prominent 
part of the urban scene in North and South 
Carolina cities. They are neat, attractive, 
and easily seen both day and night. The 
Traffic Engineering Department of the city 
of Charlotte considers them a very satis- 
factory and economical solution to the street 
marker problem. 

The posts are similar to the standard 
concrete mail-box posts used by the Post 
Office Department, and are 7 ft long with a 
cross section varying from 6 x 6 in. at the 
top to 7 x 7 in. at the bottom. 

They are manufactured by several con- 
crete-products plants throughout the two 
states. A Charlotte firm casts them in metal 
molds, vibrates them externally, and cures 
them with high-temperature steam. A top 
quality white traffic paint has been found 
to be the most satisfactory for painting, with 
an ordinary black silk-screen paint for the 
letters. Posts are set 21% ft in the ground 
with 41% ft extending above the ground. 


Frep F. Van Arta, formerly 
Manager Building Division, 
The Associated General Con- 
tractors of America Inc., 
Charlotte, N. C, 
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Bridges 


Savannah river bridge gets under way 
Contractors and Engineers, V. 50, No. 8, Aug. 1953, 


pp. 10-16 

Substructure work on the new high-level 
bridge at Savannah, Ga., is progressing at 
a fast pace. The 9-mile facility includes a 
main steel through-truss cantilever of 710 ft; 
two plate-girder secondary spans of 279 ft 
each; and about 8 miles of trestle, embank- 
ment, and approach road. 

Work is being completed on the main and 
secondary piers which rest on H-piles. The 
T-shaped approach piers and their construc- 
tion, along with the twin-shaft piers used in 
supporting the structure are described. A 
discussion of the cofferdams used, formwork 
details, pile driving, equipment layout, and 
concreting operations is also included. 


Villeneuve-Saint-Georges Bridge (Le pont de 
Villeneuve-Saint-Georges) 
H. Losster, M. Bonnet, and L. THomas, Annales de 
L' Institut Technique du Batiment et des Travaux Publics 
(Paris), No. 67-68, July-Aug. 1953, pp. 626-642 
AvuTHORS’ SUMMARY 
The cantilever bridge at Villeneuve-Saint- 
Georges comprises three spans, the central 
span of which includes a suspended girder. 
The deck, consisting of a box girder in three 
longitudinal cells, is made of longitudinally 
post-stressed concrete. The roadway is 
flanked with two cantilevered sidewalks. 
The deck rests on hinges of hooped concrete 
placed on top of the raised piers of the old 


*A part of copyrighted JouRNAL OF THE AMERICAN CoNcRETE INstTITUTE, V. 


bridge and on rockers of hooped concrete 
placed on top of the abutments. The internal 
stresses can be adjusted at all times through 
sables of suspension-bridge type stretched 
over hinged rockers. The proportions and 
properties of the concrete mix were controlled 
with the aid of numerous tests, the results 
of which are commented upon. The con- 
struction had to be carried out so as to leave 
a navigable channel free at all times. There- 
fore, the concreting of the anchor and canti- 
lever arms was done on falsework and the 
suspended beam was subsequently concreted 
on a hung centering. 


Replacing disintegrated concrete in under- 
water bridge pier 
I. Leon Guassco.ip, Roads and Engineering Construc- 
tion (Toronto), V. 91, No. 7, July 1953, pp. 91-93, 
110-113 
Reviewed by M. W. Jackson 
Concrete in a 24-ft diameter pier support- 
ing a B&O Railroad swing span near 
Baltimore required repair work due to erosion, 
scour, and deterioration of the concrete. The 
disintegrated area varied from 12 to 48 in. 
in depth around the pier. The point of 
deepest apparently resulted 
from a laitance seam in the original con- 
struction. In repairing the pier, a circular 
wrought-iron cofferdam 16 in. larger in 
diameter than the pier was used, and all 
work done in the dry. The cofferdam was 
left in place as formwork for the new con- 
crete and became a permanent part of the pier. 


deterioration 


25, No. 3, Nov. 1953, Proceedings 


V. 50. Address 18263 W. MecNichols Rd., Detroit 19, Mich. Where the English title only is given in a review, 


the book or article reviewed is in English. 


If it is followed by a foreign title the work reviewed is in that language. 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


original article is indicated in parenthesis following the English title. 


available through ACI. 
available, will be furnished by ACI on request. 
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In most cases they can be obtained direct from the original publishers. 


Copies of articles or books reviewed are not 
Address, when 
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New Rosenstein bridge over the Neckar in 
Stuttgart-Bad Cannstatt (Die neve Rosenstein- 
bruecke veber den Neckar in Stuttgart-Bad 
Cannstatt) 

Hees and Haercere, Die Bauzeitung poant, 


V. 58, No. 6, June 1953, pp. 201, 219-22 
Reviewed by Aron L. Mirsky 
Destruction of the previous bridge in a 
bombing attack, and heavy traffic, necessi- 
tated construction of a new bridge. Shortage 
of steel led to final selection of prestressed 
concrete. There were many difficulties to 
overcome: old abutments which had origi- 
nally been designed for a beam bridge and 
were-not capable of taking horizontal thrust, 
poor foundations, and grade and clearance re- 
quirements imposed by highway and river 
traffic. The final design called for a bridge 
supported by two hollow ribs in the form of 
a two-hinged frame of prestressed concrete, 
with a 68.4-m span and 24.5 m total width. 
Longitudinal, transverse, and web reinforce- 
ment were all prestressed in accordance with 
the Leonhardt-Bauer system. Horizontal 
thrusts are taken by reinforced concrete struts 
to pressure plates founded on piles; chambers 
are provided in which jacks can be inserted 
between struts and pressure plates, to restore 
the crown of the bridge to its design elevation 
should the foundations yield. 


Concrete girder road bridge 


W. Scorr Witson, Surveyor (London), V. 112, No. 
3195, May 30, 1953, pp. 371-372 
Reviewed by M. W. Jackson 

Details and ‘design computations for a 
concrete girder bridge, 48-ft clear span, 
22-ft roadway. The arched shaped girders 
are simply supported. The girders are 36 
x 12 in. at midspan, 72 x 12 in. at supports, 
and are placed on 7-ft centers. 

This is one of a long series of design prob- 
lems, which if reprinted under one cover, 
would form a valuable source of illustrated 
problems, as they are much wider in scope 
than found in any existing textbook. 


Details of Maryland prestressed concrete bridge 
Public Works, V. 84, No. 7, July 1953, pp. 62-66 
Reviewed by M. W. Jackson 


First bridge of its kind in Maryland is 
35 ft wide, 100 ft long, simple span, consisting 
of nine T-shaped precast girders, 5 ft deep. 
General details of design and construction 
are given, 
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Building big buoyant boxes for bridge sub- 
structure 


Engineering News-Record, V. 151, No. 2, July 9, 1953, 
pp. 33-37 
Reviewed by 8S. J. CHAMBERLIN 
Foundations for the Tappan Zee bridge 
over the Hudson River will include eight 
submerged concrete boxes with sufficient 
buoyancy to support 80 percent of the dead 
load of the bridge. The boxes, as large as 
100 x 190 x 35 ft high, are precast within 5 
to 10 ft of final height in a dry basin and will 
be floated 10 miles down river to the bridge 
site. Novel work-saving ideas were evolved. 
A traveling scaffold mounted on a flatbed 
truck replaced fixed scaffolds and ladders. A 
thermite process was used for welding 114-in. 
round and 2-in. square bars. Reinforcing 
was tack welded while held in jigs consisting 
of notched steel angles. A bottom inter- 
mediate-deck form served previously as a 
working platform that was moved up by 
crane as work progressed. The 1:2:3.5 con- 
crete mix contained 30.7 gal. of water and 6 
sacks of Type II cement per cu yd. An air- 
entraining agent and a plasticizing, set-re- 
tarding agent were added. Control of the 
set permitted the concrete to be revibrated 
one hour after casting to remove water 
trapped under gravel and reinforcing steel. 
A garden-type plastic hose was punctured to 
emit a fine spray for curing horizontal sur- 
faces. Walls were stripped after three days, 
hosed down, and then coated with a curing 
compound. 


Production-line precasting and careful schedul- 
ing mark construction of Bay St. Louis bridge 
Rosert H. Woop, Civil Engineering, V. 23, No. 6, 
June 1953, pp. 37-40 

A bridge two miles long, formed of precast 
concrete units with a 100-ft navigation 
channel section spanned by a double-leaf 
bascule, was recently completed to replace 
an antiquated timber trestle across the Bay 
of St. Louis on the Gulf coast of Mississippi. 
The design is not unusual, but methods used 
in prefabricating and erecting the precast 
units are of interest. Precast piles of 24-in. 
square cross section were driven to form 
groups of eight, and then concrete caps were 
cast in place. Precast deck sections were 
erected between bents by barges. All pre- 
vasting was done in a yard near the bridge 
site, 
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Civil engineering reference book 
E. H. Prosst and J. Comrie, Butterworths Scientific 


Publications, London, 1952, 1703 pp. 
Reviewed by M. W. Jackson 
Most American civil engineering handbooks 
seem to consist of a collection of articles, 
each of which is a condensation of standard 
undergraduate textbook material. This 
British reference work, consisting of 51 
articles by different authors, is not simply a 
condensation of material usually presented 
in the undergraduate curriculum. It contains 
the best in past practice and the latest 
methods and theories. The editors say that 
it is not intended to replace textbooks, 
design handbooks, standards, and codes of 
practice. It is of great value to the graduate 
engineer as an introduction to much new 
work that has been done recently. Each 
chapter has a list of selected references. 


The following are articles of special interest 
to ACI members: “Thin Slabs and Shells,” 
K. Girkmann (Vienna), pp. 303-343; 
“Cements,” T. W. Parker, pp. 516-525; 
“Principles of Plain and Reinforced Concrete 
Construction,” E. H. Probst, pp. 854-878; 
“Reinforced Concrete Bridges,” Inge Lyse, 
(Trondheim), pp. 879-927; “Reinforced Con- 
crete Building Structures,” J. W. Baxter, 
pp. 928-968; ‘Precast Concrete Construc- 
tion,” C. W. Glover, pp. 969-982. The 
subject of prestressed concrete is perhaps 
treated too briefly, and is limited to about 
four pages in the article by E. H. Probst. 

Among other subjects included are site 
investigation, foundations and earthwork, 
structural iron and_ steel, steel bridges, 
bridge bearings, long span steel bridges, 
welded structures (Continental practice), 
welding, and fire protection in buildings. 


New diagrams for reinforced concrete (Beton 
arme-nouveaux abaques) 
A. Covarp, Paris; 20 pp. (mimeographed) 
Reviewed by C. P. S1ess 

Contains diagrams, nomographs, and tables 
for choosing economical sections and rein- 
forcement for reinforced concrete members 
subjected to pure flexure, combined flexure 
and axial load, and torsion. Includes rec- 
tangular and T-beams and plain and ribbed 
slabs. 


Concrete (Concreto)—V. 3 


MANUEL DE Hoyos Rostes, Mexico, D. F., 1952, 
288 pp. 
Reviewed by Francisco J. Corpova 
The third and last volume on concrete by 
the author is divided into three parts. The 
first deals with the design of columns in 
accordance with elastic theory; round and 
square columns with axial and eccentric 
loading are considered in detail with numerous 
examples. The second part of the volume 
deals with the design of slabs, footings, and 
stairs. The third part deals with the in- 
vestigation and design of columns in accord- 
ance with plastic theory. The design of 
both square and round columns is explained 
along with the detailed solution of various 
well selected problems. 
(Volumes 1 and 2 of this series were re- 
viewed in the October 1952 JouRNAL, p. 166.) 


Fundamental considerations in the design of 
exterior walls for buildings 
N. B. Hutcueon, The Engineering Journal (Montreal), 


V. 36, No. 6, June 1953, pp. 687-698, 706 
Reviewed by Aron L. Mirsky 

A thorough review of the factors affecting 
exterior walls and their interrelations. Author 
concludes that the best wall would in principle 
consist of several components, “avoiding as 
far as possible the use of more than one 
component to satisfy a single requirement.” 
Such a wall would not resemble present walls 
in exterior appearance; author notes oppo- 
sition might arise on this score, but sagely: 
remarks that “Nature’s laws are immutable 
whereas many ideas on aesthetics are not.” 


Influence lines for prismatic continuous beams 
AuBEert E. Houtpaway, Concrete and Constructional 


Engineering (London), V. 48, No. 7, July 1953, 
pp. 229-232 

A method of calculating the ordinates of 
influence lines based on the theorem of 
reciprocal deflections is presented. A dis- 
continuity dependent on the influence line 
required (moment, shear, or reaction) is in- 
troduced at the desired section, and the 
moments at the supports caused by the dis- 
continuity are calculated by any method. 
Using these moments, ordinates for the in- 
fluence line can be calculated from the de- 
flections of a conjugate beam on which the 
load is assumed to be the diagram of the 
moments at the supports. 
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Analysis of a multistory frame for horizontal 
loading with the aid of group loads (Berechnung 
eines wi hmens fuer horizontale Belas- 
tung mit Hilfe von Gruppenlasten) 

Sttv1o Von Spiess, Der Bauingenieur (Berlin), V. 28, 


No. 2, Feb. 1953, pp. 53-54 
Reviewed by Aron L. Mirsky 
Analysis by the method of group loadings 
(I. F. Morrison, “Group Loadings Applied to 
the Analysis of Frames,” Proceedings, ASCE, 
Separate No. 183, Apr. 1953; see “Current 
Reviews,” ACI JourNAt, June 1953, p. 967) 
is shown to yield a simpler solution for the 
five-story single-bay frame analyzed by 
Vladimir Schadoursky in Der Bauingenieur, 
V. 27, No. 4, Apr. 1952, pp. 113-114 (see 
“Current Reviews,” ACI Journat, Oct. 
1952, p. 161). 


Analysis of multistory frames under horizontal 
‘orces by distribution methods (Berechnung 
mehrstoeckiger Rahmen auf Seitenkraefte im 
Ausgleichsverfahren) 


Savuvaace, Der Bauingenieur (Berlin), V. 28, No. 3, 
Mar. 1953, pp. 91-92 
Reviewed by Aron L. Mirsky 
Author recommends balancing of angle 
changes as a less laborious method than that 
used by Schadoursky (see reference cited 
in preceding review). A solution of the 
problem used by Schadoursky is included in 
somewhat abridged form. 


Theoretical and experimental study of a pre- 
stressed concrete slab on elastic supports be- 
yond the elastic range (Etude theorique ex- 
-perimentale d'une dalle precontrainte sur 
appui elastique au-dela des limites d'elasticite) 
Franco Levi, Supplement to the Annales de L’ Institut 
Technique du Batiment et des Travaux Publics (Paris), 
Series: Prestressed Concrete (XVI), June 1953 
Reviewed by C. P. Sress 
Tests on the Orly airport runway indi- 
cated that the prestressed slab withstood, 
undamaged, much greater loads than could 
be carried by an ordinary reinforced con- 
crete slab under the same conditions. Y. 
Guyon explained this phenomenon qualita- 
tively by assuming that the slab became 
hinged momentarily at cracks which occurred 
during passage of loads but afterward re- 
gained its original state because of the 
presence of prestressed reinforcement. These 
tests and analyses were made to confirm 
Guyon’s hypothesis. 
Tests were made on a slab approximately 
10 m square and 10 cm thick, prestressed in 
two directions with cables at mid-depth. 
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A concentrated load was applied at the center 
and deflections and strains were measured at ~ 
various locations. The load was applied 
and released several times until the load- 
deformation characteristics became stabilized. 
Only the later tests were used in the studies 
of the behavior of the slab. 

Theoretical analyses included calculations 
of moments in the slab due to both the applied 
load and to rotations resulting from circum- 
ferential cracking of the slab. The behavior 
of the slab under test, in terms of measured 
deflections and strains, could be explained 
in terms of the theory considering the effects 
of rotations at the cracks as well as the load- 
ing. Behavior in both the elastic and in- 
elastic (non-linear) ranges could be explained. 

Comparable tests on an ordinary reinforced 
concrete slab are reported. 


Numerical treatment of buckling of frames by a 
statically interpreted method of approximation 
(Die numerische Behandlung der Rahmen- 
knickung nach einem statisch gedeuteten 
Verfahren der schrittweisen Naeherungen) 


A. Hoypen and F. W. W1LkesMANnn, Der Bauingenieur 
(Berlin), V. 28, No. 3, Mar. 1953, pp. 75-80 
Reviewed by Aron L. Mirsky 
In certain frames the relative slenderness 
of the columns is such that the secondary 
moments due to deflection (buckling) be- 
come important. Authors develop formulas, 
based on Vianello’s, and indicate how they 
can be evaluated by numerical integration. 
The analysis of a two-legged pylon under 
vertical loads centered over the columns (a 
tall pier for a heavy truss would be repre- 
sentative of this type of structure) is used 
as a numerical example. 


Use of models in structural analysis 


J. Wricut, Engineering (London), V. 175, 1953: No. 
4558, June 5, pp. 710-712; No. 4559, June 12, pp. 
741-743 

Reviewed by Aron L. Mirsky 


Discussion of methods to be used by the 
“practical designer.” Four principal methods 
are outlined: (1) indirect (yielding influence 
lines): modified Beggs, and MIT (Wilbur) 
moment deformeter; (2) direct: MIT moment 
indicator (with the compensating balance), 
and the Charlton dynamometer. Article 
includes a short discussion of model materials 
and scale; underlying theory is briefly pre- 
sented and basic relations are derived. 








CURRENT REVIEWS 265 


Design of structures in relation to maintenance 
and inspection 


Proceedings, Institute of Civil Engineers (London), 
Part 2, V. 2, No. 2, June 1953, pp. 365-415 (including 


oral discussion) 
Reviewed by Aron L. Mirsky 


Part |I—Bridges 
Frank TurTON, pp. 365-375 


Part Il—Structures other than bridges 
NorMAN Stewart Cox, pp. 376-393 


Although both authors concentrate on 
railway structures, their remarks might well 
be read by all design engineers, with profit 
to all concerned. 

Authors’ thesis is that the relation between 
design and maintenance is a close one. De- 
signers should strive for simplicity and true 
functional use of materials; the usual em- 
phasis on low first cost at the expense of 
costly maintenance is decried. One in- 
teresting suggestion advanced during the 
discussion was that selected younger de- 
signers be taken from their boards and givef 
114 to 2 years’ inspection experience, so that 
they might learn how not to design. Re- 
viewer, who has long advocated this, is glad 
someone else has at long last seen the light. 

Authors and discussers, incidentally, point 
out (citing examples) that concrete is not a 
material to be treated cavalierly and then 
expected to serve without a murmur. Such 
items as sufficient cover over the reinforce- 
ment, for instance, are vital to a satisfactory, 
well-functioning structure. 

Concrete is, of course, not the only material 
exhibiting idiosyncrasies. Devotees of steel 
and other construction materials will also 
find much in this article to ponder and apply. 


Handbook of reinforced concrete (Formulaire 
du beton arme)—V. | 


R. Cuampaup and P. Lese.ie, La Documentation 
Technique du Batiment et des Travaux Publics, Paris, 


1953, 442 pp. 
Reviewed by C. P. Sress 


Chapter I contains properties of both plain 
and deformed reinforcing bars as well as an 
extensive section giving properties of areas 
of sections. 


Chapter II is essentially a treatise on 
strength of materials, covering symmetrical 
and unsymmetrical bending, shearing stresses, 
torsion, and curved members. Formulas and 
methods are given for computing stresses in 
homogeneous materials resisting both tension 


and compression and resisting compression 
only, and for reinforced concrete. 

Chapter III covers the calculation of 
normal stresses in reinforced concrete mem- 
bers subjected to pure flexure; combined 
flexure and axial load, either tension or 
compression; pure compression; and pure 
tension. In pure flexure, both rectangular 
and T-sections with or without compression 
reinforcement are covered. This chapter 
includes numerous nomographs, tables, and 
diagrams for the calculation of stresses in 
pure flexure or combined axial load and 
flexure. 

Chapter IV covers the design of web 
reinforcement for members subjected to pure 
flexure, combined flexure and axial load, and 
torsion. 

A discussion of the theoretical and experi- 
mental basis of inelastic ultimate design 
methods for reinforced concrete is included 
in a supplementary chapter. The choice of 
load factors and examples of ultimate design 
are included. 

Most of the material in this handbook will 
be of little interest to most American readers, 
since the design data are based on French 
specifications, materials, and practices. How- 
ever, the properties of areas in Chapter I and 
the material in Chapter II and in the supple- 
mentary chapter should prove to be of 
universal appeal and value. 


Study of the _— of triangular dams (Etude 
sur le calcul des barrages triangulaires) 
M. BONNEAU, Annales des Ponts et Chaussees (Paris), 


V. 123, No. 2, Mar.-Apr. 1953, pp. 125-148 
Reviewed by Aron L. Mirsky 
Paper is in two parts. First part, which 
merely summarizes first part of author’s 
original manuscript, concerns methods of 
analysis of triangular dams; author utilizes 
harmonic analysis in his solution of equations 
arising from application of theory of elasticity 
to problem of deformations and stability. 
Second part concerns the stability of these 
dams, particularly as regards foundation 
pressures and the effect of tension between 
and possible separation of base and 
foundation, and examines critically various 
criteria established by Maurice Levy in 1895, 
after a dam failure at Bouzey. Author con- 
cludes that triangular dams on good founda- 
tions, well constructed and (most importantly) 
well drained, offer good guarantees of stability, 
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Concrete mix design 
L. Boyp Mercer, Melbourne Technical College Re- 
search Bulletin No. 2 (Melbourne), 1953, 59 pp. plus 
supplement 

Reviewed by Water H. Price 

A rather complete discussion of concrete 
materials, grading of concrete aggregates, 
and the theoretical aspects of the design and 
control of concrete mixtures. The recom- 
mended procedure for arriving at a trial 
mix by determining the desired water-cement 
ratio is similar to the current recommendation 
of ACI Committee 613, with the exception 
that the author does not use the durability 
of concrete as a design criterion. 

In his discussion of concrete aggregates, 
the author presents arguments for the use 
of discontinuous gradings and criticizes the 
practice of specifying well graded aggregates 
at increased costs. 

The author’s experiences in aggregate pro- 
duction and concrete construction provide 
interesting background to his discussion. 


Truck terminals 
Architectural Record, V. 114, No. 2, Aug. 1953, pp. 


173-182 

Discussion on truck terminal engineering is 
divided into two parts. The first, on design 
suggestions for truck terminals, includes: 
site engineering, dock dimensions and lay- 
out, materials handling techniques, and 
communication systems. Analyses of exist- 
ing terminals, past experience, and knowl- 
edge of materials handling, as guides for 
greater efficiency and more economical con- 
struction, are the basis of the second part. 


Elastic curve ordinates for simply supported 
and continuous girders (Durchbiegungsordi- 
naten fuer Einfeld- und durchlaufende Traeger) 
Grora ANGER and Karu TramM, Werner-Verlag 
GmbH, Duesseldorf-Lohausen, Germany, 1953, 193 
pp., 25 DM 

Reviewed by Aron L. Mirsky 

This book, an outgrowth of the senior 
author’s work on ten-point tables of influence 
line ordinates, is rather difficult to classify. 
It is neither a textbook nor a handbook, but 
somewhere in between. 

The first 110 pages present, in simplified 
fashion, a discussion of deflections, the mean- 
ing of the moments over the supports in 
continuous beams, the calculation of moments 
of inertia for various cross sections (including 
reinforced concrete), and the deflection of 
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cantilever, simply supported, fixed-end, and 
continuous beams, plus some elementary 
material on deflection of trusses. The con- 
tents of this section are in general similar to 
those of the first few chapters in almost any 
American work on indeterminate structures. 
Included in this section are tables of moments 
of inertia and of permissible total moments 
for simply supported beams of various cross 
sections, spans, and maximum unit stresses, 
as governed by maximum allowable stresses 
or by deflections (stated in terms of a fraction 
of the span), as well as other aids to com- 
putation. 


In the second part are given tables of 
coefficients for the deflections, at the tenth 
points, of continuous beams of two (Li: L2 = 
1:1 to 1:2), three (Z;:L2:L3 = 1:0.8:1 to 
1:2:1), and four (Z1:L2:L3:L4 = 1:0.8:0.8:1 
to 1:2:2:1) spans with constant moment of 
inertia and single concentrated loads placed 
at various points. (It will be noted that the 
three- and four-span structures are sym- 
metrical.) Reviewer knows of no comparable 
American tables, although somewhat similar 
tables, much condensed, appear on pp. 
380-383 of the 5th (1947) edition of the 
Manual of the American Institute of Steel 
Construction. 


Mechanics of materials 


Serpert FarRMAN and Cuester 8. CuTsHA.ty, John 
Wiley & Sons, Inc., New York, N. Y., 1953, 420 pp., 


$5.75 


A fundamental text on mechanics of ma- 
terials. As such, only basic elements are 
presented, but they are covered thoroughly, 
simply, and clearly. Advanced topics or 
applications geared toward some _ specific 
branch of engineering are eliminated. 

Numerous illustrative examples are pro- 
vided, and a thorough explanation and 
application of the area-moment method to 
the solution of statically determinate and 
statically indeterminate beams is provided. 
Column theory and its connection to develop- 
ment of empirical formulas used in practical 
design is covered. A systematic treatment of 
combined stresses is given along with a short 
discussion of experimental stress analysis. 

This book is good within its scope and 
should aid the average student of mechanics 
of materials in deriving a sound background 
of fundamentals for future studies. 
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Materials 


Properties of some masonry cement 
D. N. Evans, A. Livin, A. C. Fieua, and R. L. 


BLAINE, Journal of Research, V. 51, No. 1, July 1953 
AvuTHors’ SUMMARY 
Seventeen brands of masonry cement were 
tested for soundness, strength, consistency, 
fineness, time of setting, shrinkage, water 
repellency, water retention, autoclave ex- 
pansion, air entrainment, and resistance to 
freezing and thawing. Mortars were pro- 
portioned both by weight and by volume. 
Autoclave tests indicated potential unsound- 
ness in some of the cements. Air entraining 
in the mortar was effective in increasing the 
ability to withstand freezing and thawing. 
The shrinkage of these cements differed 
greatly. Results of tests indicated also that 
the properties of these masonry cements 
were appreciably different from those pre- 
viously reported in 1934. 


How aggregates should be prepared and 
handled to ensure good concrete 
Rosert F. Bianks, Roads and Engineering Construc- 


tion (Toronto), V. 91, No. 4, Apr. 1953, pp. 142-156 
Reviewed by M. W. Jackson 
A review of best procedures for concrete 
aggregates. This is based on a paper pre- 
sented at the ASCE Construction Division 
session at the Centennial of Engineering 
Convention, Chicago, 1952. 


Cracking of masonry caused by expansion of 
mortar 
J. W. McBurney, Proceedings, ASTM, V. 52, 1952, 
pp. 1228-1258 

The effect of free magnesium oxide (MgO) 
in causing the expansion of hardened masonry 
mortars discussed. From information 
available in the literature, from results of 
length change measurements on brick piers 
laid with mortar containing excessive quan- 
tities of MgO, and from examination of build- 
ings, including laboratory tests of masonry 
materials, it is concluded that the delayed 
hydration of MgO can cause expansions of 
sufficient magnitude to produce severe crack- 
ing and structural damage in masonry. Some 
other causes of cracking are listed, and the 
probable origin of certain openings between 
units and mortar joints is considered. Rec- 
ommendations for the prevention of trouble 
from expansive mortars are offered. 


is 
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Durability of rock and concrete aggregates 
(Geotechnique et mineralogie) 
L. Cappecomme, J. FArRRAN, and M, Orutac, La 


Technique Moderne-Construction (Paris), V. 8, No. 5, 
May 1953, pp. 151-156 
Reviewed by ALEXANDER M. Turrrzin 
Resistance to weathering of rock formations 
and concrete aggregates plays an important 
role in the design and construction of durable 
structures. The ability to recognize rock 
formations which can withstand erosion may 
help the engineer to decide that lining a water 
tunnel is unnecessary and thus save consid- 
erable money. Tests on the durability of 
concrete aggregates in the case of waterfront 
structures may well affect future maintenance 
costs. Certain rocks contain minerals which 
lend themselves to the corrosive action of 
water and thus bring about progressive dis- 
integration of the rock itself. Other rock 
formations bond poorly with cement particles, 
creating minute interstices which are easily 
reached by water and thereby disintegrated. 
in 
which rock specimens are boiled down in a 
solution of sulfuric the 
loss of weight. These tests permit grading 
the durability of different kinds of rock. 
Comparison of the results of these tests with 
the observed actual behavior of similar 
rock formations in water tunnels, river 
banks, and open quarries has established 
criteria for the limits acceptability of 
certain rocks for particular usage. The bond 
between rock particles can 
easily be determined by means of micro- 
scopic and laboratory techniques and falls 
within the scope of a trained mineralogist 
who can be of invaluable assistance to the 
civil engineer. 


Accelerated tests have been devised 


acid to determine 


of 


and cement 


Blast-furnace slag for concrete and road con- 
struction 


J. L. Cow1e, Commonwealth Engineer (Melbourne), 
V. 40, No. 10, May 1953, pp. 413-416 
Blast-furnace slag has been widely used in 
Australia and material for 
concrete, road construction, insulation (slag 
The 
purposes for which blast-furnace slag have 
been successfully used in New South Wales 
are reviewed. 


overseas as a 
wool), and as a sewage filter medium. 
These include water supply 


installations, drainage works, concrete roads, 
and base courses for highways. 
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Correlation of sodium sulfate soundness of 
coarse aggregate with durability and com- 
— strength of air-entrained concrete 


Cc. Vouuick, and E. I. Sxmuman, Proceedings, 
Cre, V. 52, 1952, pp. 1159-1168 


Coarse aggregates from 70 different sources 
were subjected to five cycles in the sodium 
sulfate soundness test and then made into 
3x6-in. cylinders of air-entrained concrete 
having uniform grading and water-cement 
ratio. Half of the cylinders were tested for 
28-day compressive strength and half were 
subjected to alternate cycles of freezing and 
thawing until 25 percent of the original 
weight was lost from deterioration of the 
specimens. Test results were studied from 
the standpoint of relationship between the 
principle variables: sodium sulfate soundness, 
freezing-and-thawing durability, compressive 
strength, and cement content. 


Chemical test for alkali reactivity of pozzolans 
R. C. Mretenz, K. T. Greene, E. J. Benton, and 


F. H. Gerer, Proceedings, ASTM, V. 52, 1952, 
pp. 1128-1144 

A new chemical test, requiring only two 
work-days, will indicate quickly the ability 
of a pozzolan to control expansion of mortar 
resulting from alkali-aggregate reaction. Re- 
duction in alkali concentration of a 0.5 N 
sodium hydroxide solution, after reaction 
with the pozzolan in the presence of calcium 
hydroxide, is taken as an index of the alkali 
reactivity of the pozzolan; correlation is then 
obtained between results of the test and the 
Pyrex mortar-bar expansion test for 63 
pozzolans. 

The test is recommended for use in specifi- 
cations covering selection and control of 
pozzolans. 


Wood fiber plates as concrete form material 
(Oljehardad board som formbyggnad for 
betong) 

K. E. C. Nie.sen, og oy Betong (Malmé6), V. 28, 


No. 1, Mar. 1953 
Reviewed by Ervinp Hoaenestap 


Reviews the scope and principal results of 
an investigation carried out at the Swedish 
Cement and Concrete Research Institute in 
cooperation with the State Forest Industries. 
The principal objects of the investigation 
were, through the use of oil hardened wood 
fiber plates, to rationalize form construction 
and obtain concrete surfaces sufficiently 
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smooth to permit painting or wallpapering 
after only a limited amount of plastering. 

Extensive laboratory tests followed by 
full-scale field investigations have been 
devoted to the physical properties of the 
fiber plates and their use as a form material, 
as well as to the development of more eco- 
nomical form systems. Several new and 
promising elements have been developed, 
such as a bracing beam consisting of two 
wooden flanges with two thin fiber plates 
used as a web, and form elements consisting 
of two fiber plates between which a number 
of fiber plate strips form a web. 


Fly ash concrete in large dam construction 
a as F. Apams, Civil Engineering Corps Bulletin, 


, No. 8, Aug. 1953, pp. 11-14 

The use of fly ash by the Bureau of Recla- 
mation in the construction of Hungry Horse 
and Canyon Ferry dams is described. Ad- 
vantages pointed out in the use of fly ash 
in mass concrete are economy, improved 
workability, less volume change, reduced 
permeability, less heat generated during 
hydration, reduced alkali-aggregate reaction, 
and equal or greater strength than no-fly 
ash concrete after about one year. Fly ash 
comprises approximately 30 percent of the 
cementing material by weight in Hungry 
Horse dam and around 25 percent in Canyon 
Ferry dam. 


Cellular concrete 
Pit and Quarry, V. 46, No. 1, July 1953, pp. 259-60 


A new material called Calsi-crete utilizes 
a preformed foam process for weight re- 
duction. Desired weight reduction is accom- 
plished by mixing a preformed foam, which 
is a hydrolized protein in a diluted water 
solution, with a slurry consisting of ce- 
mentitious and siliceous materials and water. 
The aerated wet mix which results is either 
cast or pumped into molds and after setting 
is cut into desired sizes and cured in high- 
pressure autoclaves. By controlling the 
amount of aeration, this material can be pro- 
duced in varying densities and strengths. 
Densities may be had as low as 10 to 20 lb 
per cu ft, and this product may be nailed or 
sawed and is said to provide a good key for 
plastering. The initial market for Calsi- 
crete products is expected to be reinforced 
roof planks and insulating roof slabs. 
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Pavements 


Sawed joints in concrete pavement 
MoreGan Tuomas, Pacific Builder and Engineer, V. 
59, No. 5, May 1953, pp. 93-94 
Reviewed by M. W. Jackson 

Describes experience of the Washington 
State Highway Department with sawed 
joints on one project. Sawed joints and 
orthodox joints were used side by side for 
comparison and as a basis for accumulating 
data. About 22,000 ft of sawed joints were 
cut. Preliminary results indicate they may 
be used extensively in place of orthodox 
expansion joints. 


Methods of soil stabilization and their appli- 
cation to the construction of airfield pavements 
Donatp J, MacLean and Perer L. M. Rosinson, 
Proceedings, Institution of Civil Engineers (London), 
Part 2, V. 2, No. 2, June 1953, pp. 447-502 (including 
oral discussion) 
Reviewed by Aron L. Mirsky 
Due to the greatly increased wheel loads 
and tire pressures of modern aircraft, stabi- 
lized-soil airfields can no longer be con- 
structed using road-construction practices. 
After showing that stabilized soil should be 
considered as forming a part of a flexible- 
type pavement, authors investigate criteria 
for the stability of stabilized soil under 
various conditions, discuss four methods of 
stabilization (mechanical, cement, bitumin- 
ous, and chemical), and describe five recent 
full-scale trials of stabilized soil pavement 
(two road, three airfield) designed to yield 
data on the performance of the material in 
temporary military roads and airfields. 
Authors conclude that soil-cement has the 
greatest potentialities of the four processes. 


Mechanized joint maintenance for concrete 
roads 
The Engineer (London), V. 195, No. 5082, June 19, 


1953, pp. 870-871 
Reviewed by Aron L, Mirsky 

In 1951 the British Road Research Labora- 
tory obtained and demonstrated equipment, 
mainly American, for cleaning and sealing 
joints in concrete pavement. The purpose 
of the demonstration was to stimulate both 
the manufacture of such machines in England 
and the mechanization of the chore. 

Article describes four machines now being 
produced in England: a groover, to remove the 
old compound and roughen the sides of the 
joint; a power brush (a cutter may be sub- 
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stituted for the brush, to remove filler which 
was originally left flush with the surface of 
the pavement, to the depth required for 
sealing); a priming machine, with built-in air 
jet and compressor; and an oil-fired manually- 
agitated melter-pourer. A mobile melter for 
larger jobs, to service two or more melter- 
pourer units, is also available. The machines 
are similar to American ones. 


Experience report on sawing weakened plane 
contraction joints in pavement 
D. G. Evans, California Highways and Public Works, 


V. 32, No. 5-6, May-June 1953, pp. 22-25 
Reviewed by M. W. Jackson 

Five California highway projects have been 
recently constructed with nearly 260,000 lin 
ft of sawed joints. Methods of procedure are 
described, with general observations. 

The sawed joint is at present more ex- 
pensive and under certain conditions 
numerous cracks have appeared. This may 
be the result of untrained operators and 
inspectors with unproved equipment. 


Ajir-base runways and aprons improved 
WiiuiaMm H. Quirk, Contractors and Engineers, V. 50, 


No. 8, Aug. 1953, pp. 110-114 

The U. S. Navy Bureau of Yards and 
Docks has completed extensive improvements 
at the Marine Corps Air Station, Cherry 
Point, N. C. The runway pattern at the base 
remained the same, except for decommission- 
ing one runway. Four of the 400-ft wide 
runways were lengthened from 6000 to 8000 
ft, which along with portland cement concrete 
paving of parking aprons, warm-up aprons, 
hub areas, and asphaltic concrete paving of 
taxiways and runways constituted the major 
improvements. The construction, batching 
plant operations, and concrete finishing of 
the project are also discussed. 


Lean concrete base for estate roads 
Surveyor (London), V. 112, No. 3189, Apr. 18, 1953, 
p. 269 
Reviewed by M. W. Jackson 
Describes construction of 5 miles of road- 
way. Concrete used had an aggregate- 
cement ratio of 14:1 by weight. It was 
placed between steel forms and rolled with a 
21%-ton roller. After final rolling the surface 
was immediately sprayed with a bituminous 
emulsion. No expansion joints were formed. 
The paper gives no details on performance. 
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Precast concrete 


Precast concrete used for warehouse on 
Moroccan project 
World Construction, V. 6, No. 3, May-June 1953, p. 45 


Precast construction is a feature of ware- 
houses totaling 300,000 sq ft of floor area 
built recently at Nouasseur, French Morocco. 
Bents are precast in two parts. The columns 
and cantilevered segments of beams are 
cast, in one unit as are the suspended beam 
sections. These sections are then bolted to- 
gether and erected as a complete bent. Also 
precast are the thin, angle-shaped purlins 
and the gutters over each outside row of 
columns. Outside walls are of concrete 
masonry with stone rubble masonry some- 
times used for the first 3 ft of wall. Special 
precast units are employed where the roof 
meets the wall to insure weather tightness. 


Tilt-up rigid frames span 60 ft 
Architectural Forum, V. 98, No. 4, Apr. 1953, p. 161 
Reviewed by M. W. Jackson 
Describes South Bend, Ind., warehouse 
where 17 rigid frame bents 20 ft high, 60-ft 
spans, weighing 22 tons each were cast on 
the 6 in. thick floor slab and tilted into 
position. Precast concrete purlins were 
grouted to the bents; they in turn supported 
precast concrete roof slabs. Precast wall 
panels completed the structure of the building. 
Details of a typical bent are shown. Tie 
rods in the floor slab carried the horizontal 
thrust of the bents. The cost of the structure 
itself was $4.20 per sq ft, with total cost of 
the building, $5.93 per sq ft. 


Precast arches 


Architectural Forum, V. 99, No. 1, July 1953, pp. 
140-141 


A simple technique for low-cost prefabri- 
cation of wide-span concrete arches is pre- 


sented. It is based on the use of crossed tie 
rods to absorb thrust, cut reinforcing, 
facilitate erection, and direct only vertical 
loads on the supports. Arches are precast 
four at a time and may span from 50 to 100 
ft. Costs for 50-ft spans range as low as 
$1.40 per sq ft. Erection consists of hoisting 
arches into place and there tying adjacent 
arches together with three concrete bridging 
beams. The topping consists of a precast 
deck of lightweight insulated concrete planks. 
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“Vulkan” formblocks (in German) 


Schwweizerische Bauzeitung (Zurich), V. 


71, No. 15, 
Apr. 11, 1953, p. 227 


Reviewed by M. W. Jackson 


Here is a method for construction of rein- 
forced concrete basement walls without form- 
work. 

A new type of concrete block is described 
briefly, with a photograph of its use on one 
job. The block is H-shaped with “ship- 
lap” joints on all edges of the flanges and 
with notches in the top side of the web of the 
H. The block are laid up without mortar 
and then filled with concrete; vertical joints 
are staggered. Easy placement of vertical 
reinforcing bars is possible with this shape, 
and horizontal bars rest in the notches of the 
web. Special block are used for doors and 
windows. With the prevailing cost of 
forming walls in the United States there 
should be a ready market for these block. 


Reducing first cost and maintenance with pre- 
cast concrete in schools 
J. L. Pererson, Western Construction, V. 28, No. 5, 


May 1953, pp. 72-74 
Reviewed by M. W. Jackson 


Describes several recent school contracts 
in Torrance, Calif. Walls were constructed 
of precast concrete; no columns were used 
and all walls were bearing. Joints between 
wall slabs were flush with the l-in. space 
grouted and dry packed. Shears from the 
walls were transmitted to the floor slab by 
dowels for exterior walls, and by 2 x 2 x 4-in. 
shear slots at 18 in. for cross walls. A wood 
roof was used, cantilevering outside the 
building and supported at the middle of the 
building by prestressed concrete beams or 
glued laminated wood beams running the 
full length of the building and bearing upon 
the cross walls. Costs reported averaged 
about $10.50 per sq ft of school. 


Precast construction of a whole Marine base 
means a whale of a lot of lifting 
Western Construction, V. 28, No. 5, May 1953, pp. 


83-86 
Reviewed by M. W. Jackson 


Construction of Marine Corps base at 
Twentynine Palms, Calif., involved 117 
precast buildings. Assembly line production 
for concrete roof panels and tilt-up operations 
for wall panels are described. Nearly 90,000 
tons of precast concrete units were handled 
by vacuum lift on this project. 
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Prestressed concrete 


Load tests of prestressed concrete beams for a 
viaduct at Rotterdam (in Dutch) 
W. C. Corpisn, Ingenieur, V. 64, No. 30, July 1952, 
pp. 45-52 
AppLiep Mecuanics REvIEWws 
Mar. 1953 (Massonnet) 
Paper gives the general features of a 
viaduct made of prefabricated prestressed 
concrete beams, and describes in detail the 
load tests made on two of these beams. The 
main conclusions of these tests are: (1) 
Test results are in good accordance with a 
theoretical analysis made previously by the 
same author, if the necessary data are read 
on the experimental (¢, «) diagrams of the 
materials, and if the value for érupture of the 


concrete is taken as 1.5 times the value 
deduced from the corresponding (¢, 6) 
diagram. (2) Results of the experimental 


study demonstrate the desirability for cal- 
culating the fracture moment by two different 
formulas, according to which of the two 
materials, concrete or steel, is the weaker. 
(3) It is important to standardize the con- 
cept of prism strength by choosing specimens 
of a definite slenderness ratio. 


Load test on a prestressed concrete beam 
(Prueba de carga hecha en un trabe de 
concreto preesforzado) 
RENE ETCHARREN, Ingenieria Civil (Mexico), V. 4, 
No. 37, Nov. 7, 1952, pp. 11-17 

Reviewed by Francisco J. Corpova 

Describes a load test made on a prestressed 
concrete beam at the site of a bridge con- 
structed over the Santa Catarina River, 
Monterrey, Mexico. The bridge consists of 
five spans, each 35 m long. Each span has 
seven T-beams resting on concrete piers. 
The beams, which are actually 34.96 m long, 
have a flange of variable section, 1.305 m wide, 
varying from 18 cm at the end to 23 cm at the 
center. The beam stem is 18 cm wide. The 
total depth of each beam is 1.45 m, including 
the flange. 

The reinforcement consists of wire imported 
from Belgium, arranged in a cable of 32 wires 
at the bottom of the web and a cable of 48 
wires at the flange. Reinforcement anchorage 
was attained by specially-made wedges 
fabricated in Mexico. After prestressing, 
the wire ducts were grouted with cement 
mortar. 

High-early strength cement was used on 
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the project. The mix proportion was: | 
volume of cement, 1.3 volumes of sand, and 
0.48 volume of 4- to %-in. aggregate. The 
water-cement ratio 0.33. Calcium 
chloride and Air-Mex, an _ air-entraining 
agent was used in the concrete. The concrete 
design strength was 400 kg per sq cm. 

The test beam, which was supported on 


was 


concrete piers at the ends, weighed 67 tons. 
It was loaded in accordance to AASHO, H-20 
loading. The deflection of the beam under 
test was measured with levels and electronic 
equipment equipped with strain gages. At 
failure, the total load was equivalent to five 
times the live load plus the dead load. The 
failure load was also equal to a 3963.23 kg 
per m not including the beam weight. In- 
cluding the beam weight the failure load was 
5933.73 kg per m. 


Concrete arch—498 ft made possible by 
prestressing 
Constructional Review (Sydney), V. 26, No. 2, June 
1953, pp. 16-21 

Three concrete arch bridges recently con- 
structed in Venezuela show the high de- 
gree of skill and design achieved by engineers 
in utilizing prestressed construction tech- 
niques. The bridges are part of a highway 
10144 miles long, and 
LaGuaira, and have been built to expedite 
Venezuelan imports. Principle details of 
the 498-ft concrete arch bridge are presented 
along with construction and erection tech- 
niques. The other two bridges were of the 
same type and had spans of 478 and 453 ft, 
respectively. Costs given per mile of bridge 
are $11,400,000 and per mile of highway 
$7,000,000. Details of precasting and pre- 
stressing of the bridge units such as the 


connecting Caracas 


arches, beams, and slabs are also 


included. 


pliers, 


Design data for single-span bridges in pre- 
stressed concrete 
A. W. Hirxi, Surveyor (London), V. 112, No. 3191, 
May 2, 1953, pp. 295-296 
Reviewed by M. W. Jackson 

Presents table for various proportions of 
unsymmetrical sections, T, inverted U, and 
a double T (where the top flange is con- 
tinuous). Data enables suitable dimensions 
to be obtained easily for single-span pre- 
stressed concrete highway bridges. 
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Structural tests on a prestressed ceramic beam 


Jack R. Cuianton, J. I. Mvetier, and Harry R. 
PoweEt., The Trend in Engineering at the University 
of Washington (Seattle), V. 5, No. 3, July 1953, pp. 4-8 

Reviewed by Aron L. Mirsky 

It seems that prestressed concrete had 
better look to its laurels. A British concern 
is now producing (Concrete and Constructional 
Engineering, V. 48, No. 6, June 1953, p. 199, 
and advertising p. 54) a floor system consist- 
ing of prestressed clay plank, hollow clay 
filler block, and cast-in-place concrete top- 
ping. Now this. 

One beam was constructed and tested, 
using 22 high-strength structural clay tile 
12 x 12 x 6-in. with prestressing wires strung 
through the hollows, which were later grouted. 
Three tests were run on the beam, the last, 
with the cable grips burned off, being carried 
to destruction. Failure occurred at a total 
load of 11,900 lb applied at the third points 
with the beam on an 18-ft span; it was a 
sudden and complete compression failure. 
Authors conclude that load-carrying ability 
of beam was good, while its stiffness was 
adequate for most types of service loadings, 
and suggest a reduction in amount of steel 
reinforcement and provision for improved 
bond between grout and tile. 


Two truck cranes and 5% hours resulted in a 
prestressed highway overcrossing 
are Construction, V. 28, No. 5, May 1953, pp. 64- 


Reviewed by M. W. Jackson 


Describes construction and erection of 
67-ft span, 31 ft wide highway bridge by 
California Division of Highways. Bridge 
consists of ten T-shaped prestressed beams 
with flanges 3 ft wide. Transverse pre- 
stressing was applied after erection. 


Prestressed machine-made block assembly 
Concrete, V. 61, No. 8, Aug. 1953, pp. 6-8 


Prestressed concrete structural elements, 
composed of machine-made block, offer a 
number of advantages in a wide variety of 
applications. Chief among these are the 
economy and ease of erection which are 
realized with this type of construction. 
Manufacturing details and recent applica- 
tions of prestressed concrete block construc- 
tion are included along with a discussion on 
the advantages of continuous prestressed 
elements over simply supported units. 
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Prestressed concrete frames characterize U. S. 
Army laundry in Germany 
Orro W. Sreinnarpt, Civil Engineering, V. 23, No. 6, 


June 1953, pp. 44-45 

A laundry building, built for the U. S. 
Army at Mannheim-Friedrichsfeld, Germany, 
has a skeleton of 21 prestressed concrete 
frames. The over-all dimensions of the 
structure are 124 x 442 ft, with a clear span 
of 100 ft in the main hall. The structure has 
walls of cinder block, a concrete slab floor, 
and no basement. Prestressed prefabricated 
concrete slabs are used for the roof, with a 1- 
in. coating of lightweight concrete for in- 
sulation, topped with a double layer of 
roofing paper. 


New pier at Le Havre (La nouvelle gare 
maritime de la Compagnie Generale Trans- 
atlantique) 


U, Cassarn and P. LeBe.ue, Supplement to the Annales 
de L'Institut Technique du Batiment et des Travaux 
Publics (Paris), Series: Prestressed Concrete (XV), 


Jan. 1953 
Reviewed by C. P. Sress 


Description of planning, design, and con- 
struction of pile-supported concrete pier 
shed at Le Havre. Two-story structure 
52 m wide by 575 m long was constructed 
almost exclusively using precast, prestressed 
concrete members. Maximum spans were 
20 m. Article includes also remarks by 
Freyssinet regarding prefabrication for 
buildings. 


Prestressing in two similar structures 
Architectural Record, V. 114, No. 1, July 1953, pp. 183- 
186 


Reviewed by M. W. Jackson 


The first structure described is a precast 
baseball stadium at Sherbrooke, Quebec. It 
uses both pre-tensioning and post-tensioning. 
It consists of 30 frames at 14 ft 6 in. spacing 
supporting both bleachers and roof. Each 
frame consists of a 28-ft tapered column, a 
31-ft cantilever roof beam held to the columns 
by prestressing, and two 23-ft bleacher 
beams. The columns were erected before 
prestressing; the bleacher beams were par- 
tially prestressed at the yard; the cantilever 
roof beams were fully prestressed at the 
yard. Columns, beams, and all joints were 
prestressed after erection. 

The second structure was somewhat 
similar, for the Jamaica Turf Club, Kingston, 
Jamaica. 
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Example of use of analysis of variance in in- 
vestigation of some properties of portland 
cement concrete 

W. E. Haskeuu, California Highways and Public 


Works, V. 32, No. 5-6, PP. 15-17 
eviewed by M. W. Jackson 


In investigating problems experimentally, 
the ideal is to hold all variables constant 
except one for a given set of experiments. The 
theoretical ideal is seldom realized. A 
statistical procedure, “the analysis of vari- 
ance”’ is of help in this case. In some fields 
of research the analysis of variance has not 
been used as frequently as its usefulness 
warrants, and one of these fields is portland 
cement concrete investigation. 


An outline of the use of this mathematical 
tool is given by means of an actual example. 
The study concerns the measurement of 
length changes of test bars of concrete 
fabricated and measured under a variety of 
conditions. 


Experimental exposure of concrete to natural 
weathering in marine locations 


Hersert K. Cook, Proceedings, 
1952, pp. 1169-1181 


ASTM, V. 52, 


More than 2500 concrete test specimens 
have been exposed to natural weathering at 
four exposure stations during the past 16 
years by the Concrete Research Division 
of the Waterways Experiment Station. The 
principal stations are in Maine and Florida 
on the Atlantic Coast and are so situated 
that the test specimens are alternately im- 
mersed in sea water and exposed to air with 
the rise and fall of the tides. 

The principal findings of this program, to 
date, have been that: 

(a) At the Florida station, well-made 
concrete containing good-quality materials 
is not seriously affected by the exposure 
unless the portland cement used contains 
well in excess of the maximum calculated 
tricalcium aluminate content permitted by 
specifications for Type JI portland cement. 

(b) At the Maine exposure station, where 
severe freezing and thawing occurs, well- 
made concrete containing good-quality ma- 
terials will not ordinarily withstand the 
exposure for more than one winter unless the 
concrete contains proper amounts of en- 
trained air. When poor materials are used, 
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proper air entrainment cannot be expected 
to insure durability. Variations in methods 
of curing apparently have little effect on 
durability but the use of absorptive form 
linings appears to improve the durability 
of formed surfaces. Various non-air-en- 
training admixtures and materials blended 
with the cements neither materially benefits 
the durability of non-air-entrained concrete 
nor materially harms the durability of air- 
entrained concrete. Tentative correlations 
indicate that the natural weathering at the 
station in Maine is not materially less severe 
than the laboratory procedure for testing 
specimens by rapid freezing and thawing 
in water. (See also “Correlation Between 
Laboratory Accelerated Freezing and Thaw- 
ing and Weathering at Treat Island, Maine,’’ 
by Thomas B. Kennedy and Katharine 
Mather, ACI Journaz, Oct. 1953, p. 141.) 


Is the slump cone on its way out? 
E. L. Howarp, Jr., and J. W. Ketiy, Western Con- 


struction, V. 28, No. 7, July 1953, pp. 81-82 
Reviewed by M. W. Jackson 

The Kelly ball test for concrete consistency 
is described. It consists of measuring the 
penetration of a 30-lb plunger into a surface 
of concrete. Good correlation with the 
slump test is reported; the Kelly ball test 
gives faster and closer control than the slump 
test. The California Division of Highways 
Materials and Research Section has adopted 
it for regular field tests in place of the slump 
test. 


Present-day ideas on concrete technology 
R. L’Hermire, Bulletin of Union of Testing and 


Research Laboratories for Materials and Structures 
(Paris), No. 14, July 1953, pp. 47-65 

Concrete technology is discussed according 
to composition control, mixing, transporting, 
placing, and rheology. In the section on 
composition, the importance of compactness 
with emphasis on gradation of aggregate 
sizes is treated, and the section on control 
considers tests on the water content of fresh 
concrete as the most important factor in 
control. The theory of mixing is included 
along with a discussion of segregation en- 
countered in transporting fresh concrete. 
Finally, placing of concrete along with ideas 
on the methods used to determine work- 
ability of concrete are covered. Emphasis 


is given to the use of rheology in determining 
most effectively properties of fresh concrete. 
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Performance of concrete specimens during 10 
years exposure to severe natural weathering 
W. J. McCoy, and 8S. B. Hetms, Proceedings, ASTM, 


V. 52, 1952, pp. 1182-1204 

Results of tests in which specimens were 
subjected to a minimum of 50 cycles of 
freezing and thawing each winter while in a 
saturated state are presented. Resistance to 
weathering was determined by semiannual 
inspections and sonic determination of 
modulus of elasticity. Failures were usually 
preceded by cracking which seriously im- 
paired the significance of the sonic tests. 
Cements were selected which represented all 
five ASTM types, including air-entrained 
Types [ and II, and a group of Type I 
cements from various manufacturers. Sev- 
eral cement types were studied at two fixed 
cement concretes of uniform 
consistency. Five Type I cements were 
used to make three sets of specimens at 
different slumps and a constant water-cement 
ratio. Progressive changes in the specimens 
with this constant water-cement ratio showed 
a marked reduction of weathering resistance 
for the mixture made having the highest 
slump. Concretes with entrained air showed 
advantages of improved performance. 


contents in 


Significant factors affecting concrete durability 
C. H. ScuHouier, Proceedings, ASTM, V. 52, 1952, 
pp. 1145-1158 

The factors covered are subdivided into 
five major groups: physical properties of 
hardened concrete; constituent materials of 
which the concrete is composed; construction 
practices used in building or fabricating the 
structure; nature of exposure which the 
structure will encounter; and type of loads 
the structure will carry. Each of these 
groups is covered with emphasis on what is 
known and what remains to be answered in 
each classification. 


Studies of abnormal expansion of portland 
cement concrete 


A. D. Conrow, Proceedings, ASTM, V. 52, 1952, 
pp. 1205-1227 


Severe cracking of concrete in the Central 
Great Plains region of the United States 
led to investigations which discovered that 
in many of the structures the concrete aggre- 
gate used was a siliceous sand-gravel common 
to the region and subject to abnormal ex- 
pansion under certain exposures. Studies 
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were made to determine exposure conditions 
which would accelerate abnormal expansion 
so that means for inhibiting or preventing 
this expansion might rapidly be developed. 
It was found that conditions quite effective 
for promoting abnormal expansion were 
within the range of natural exposure of much 
of the concrete within this region. Studies 
were then instituted to determine whether 
various combinations of this sand-gravel 
aggregate and portland cement would all 
react in the same manner when subjected to 
conditions found to promote abnormal ex- 
pansion. Finally, means to inhibit or pre- 
vent abnormal expansion in cement-aggregate 
combinations were studied. 


Short talks on lightweight slag concrete—Il 
Henry E. DeWeerpt, Concrete, V. 61, No. 8, Aug. 


1953, pp. 12-14 

Article concerns itself with the develop- 
ment of lightweight slag units 
with high-strength characteristics. Early 
development of lightweight concrete units 
with improved insulation and fire protection 
is traced along with the gradual increase in 
strength characteristics primarily 
improved aggregates and cements. 
tions are 
materials 


masonry 


due to 
Sugges- 
given with respect to control of 
and production techniques for 
block, and the necessity for an investigation 
of curing methods in use today, with a view 
towards improvement, is shown. 


Rate of loading in compression tests of con- 
crete (Belastningshastighet ved trykkproving 
av betong) 
S. Tuavtow, Betong (Stockholm), V. 38, No. 1, 1953, 
pp. 11-15 

Reviewed by E1vinp Hoanestap 

Rates of loading used in various countries 
for compression tests of cements and con- 
cretes are found to vary considerably. 

In connection with the development of a 
load pacer, 18 cylinders from each of four 
mixes were tested at rates varying from 
about 5 to 350 psi per second. A logarithmic 
relationship similar to that observed in 
earlier tests (Jones and Richart) was observed. 

The desirability of international agree- 
ment regarding a common rate of loading is 
pointed out, and a rate of 35 psi + 20 percent 
is suggested as a value close to the practice 
in Many countries. 
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Structures 


Lift-slab method used for college dormitory 


L. H. Hauck, Contractors and Engineers, V. 50, No. 8, 
Aug. 1953, pp. 118-121 

The Youtz-Slick method, used in the con- 
struction of a three-story dormitory at 
McPherson College, McPherson, Kan., varied 
somewhat from the usual lift-slab proced- 
ure. Columns were spaced on 13-ft 8-in. 
centers and were 27 ft high in this 39 x 180-ft 
building. All slabs were 8 in. and cast in 
a stack, one on top of the other, rather than 
one at a time so that each lower slab served 
as the bottom form for the slab above it. 
This also enabled all slabs to be lifted with 
one session of the lifting crew. A descrip- 
tion of the methods used in casting, separat- 
ing, and lifting the slabs is presented as well 
as a discussion of formwork and jacking 
details. 


Underpinning on the Toronto subway 
R. Harpina Scrivener, The Engineering Journal 


(Montreal), V. 36, No. 6, June 1953, pp. 718-723 
Reviewed by Aron L. Mirsky 

For a 700-ft stretch between St. Clair 
Ave. and Heath St., Toronto’s new subway, 
35 ft wide and reaching a depth of 45 ft below 
the surface, is directly under several major 
commercial structures. Specifications stated, 
among other things, that no interference with 
the use of the buildings would be tolerated, 
that no part of their weight could rest on the 
subway structure, and that the underpinning 
must be of a permanent type. After study of 
several possibilities, the contractors decided 
to construct two continuous parallel walls 
the full 700 ft, extending from the surface to 
3 or 4 ft below the bottom of the subway, 
and a distance apart equal to the subway’s 
width. Steel beams (use of precast concrete 
was precluded by weight considerations, and 
the time factor ruled out cast-in-place con- 
crete) placed across the tops of the walls 
supported the buildings and braced the walls. 
The space between the walls was then exca- 
vated and the subway built. 

This project may well act as an inspiration 
to all engineers: in spite of bad ground and 
other difficulties, construction progressed 
steadily with no signs of failure, overloading, 
or other untoward development, thanks to a 
thorough job of planning and design and the 
numerous safety devices used. 


Reinforced concrete schools 
Concrete and Constructional Engineering (London), 


V. 48, No. 7, July 1953, pp. 233-252 

The construction and design features of 
nine English schools are described. Many 
of the structures utilized precast prestressed 
units along with conventional reinforced con- 
crete construction. Some of these structures 
embodied outstanding construction features: 
suspended floors and roofs, obtained by 
composite precast and cast-in-place construc- 
tion; design allowances for settlement in a 
mining district; and patterned precast facing 
slabs. All schools utilized precast with cast- 
in-place construction for maximum efficiency 
in framing. 


Reinforced concrete featured in Bolivian church 
Gasriet E, Lunp and Rosert D. ScHacuert, Civil 
Engineering, V. 23, No. 27, July 1953, pp. 46-47 

The Church of Maria Auxiliadora in La 
Paz, Bolivia, framed in reinforced concrete, 
presented an unusual foundation and fram- 
ing problem. Initially the structure was 
laid out with columns to support the steeple 
along the front toward the street end of the 
chapel. Subsequent widening of the boule- 
vard required the church to be built back 20 
ft further than originally anticipated. The 
problem was met by supporting the steeple 
on the chapel columns. The steeple rests on 
four columns which in turn frame into two 
reinforced concrete trusses, with a span of 
29 ft 6 in., and the trusses rest on 16 x 48-in. 
concrete columns extending 12 ft upward 
from two pairs of the original masonry 
columns in the chapel structure. To keep 
down the weight of the structure, hollow 
burned-clay tiles were used for the walls and 
ornaments while the roof was fiber-cement 
tiles. 


Cardboard concrete floors 
Architectural Forum, V. 98, No. 5, May 1953, p. 150 
Reviewed by M. W. Jackson 
Describes floor construction of a four- 
story dormitory of Southwestern Junior 
College, Keene, Texas. Corrugated card- 
board boxes 12 x 20 x 48-in. were used 
instead of steel pans or concrete filler blocks 
for joist floor construction. It was estimated 
that their use saved $15,000 on the 40,000-sq 
ft structure over standard methods of con- 
crete joist floor construction. 
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Concrete rigid frame for 500-bed hospital 
Contractors and Engineers, V. 50, No. 8, Aug. 1953, 


pp. 40-44 

An eight-story hospital built on a concrete 
rigid frame with an architectural concrete 
exterior is being completed in Little Rock, 
Ark. The unusually modern design, com- 
bining efficiency in medical services with 
economy, takes full advantage of every trick 
of modular construction and multiple room 
use to provide extras on an average budget. 

The framing is set on 22-ft column spacings 
which makes the bays adaptable to practically 
any type of nursing room. Efficiency in 
formwork and allied concreting operations 
helped keep down costs. Exterior architec- 
tural concrete was finished by rubbing to 
bring out a pleasing distinct finish. 


Shell roof at Odenplan, Stockholm (Skaltak pa 
Odenplan i Stockholm) 


U. Muurersporr and I. Peurs, Betong (Stockholm), 
V. 38 No. 1, 1953, PP. 17-27 ‘by Exvrure B 
eviewecd y IVIND OGNESTAD 
A shell roof constructed in 1952 over an 
entrance to the Stockholm subway is de- 
scribed. The roof covers an area of about 
58 x 47 ft, and is supported on only two 
columns. The shell consists of a central 
cylindrical part 3 in. thick and two triangular 
plates connected by edge beams. The paper 
gives a summary of planning, design, and 
erection procedure. 


“Shell-unit"’ system—a new principle in the 
building of houses (Un nuevo principio para la 
construccion de casas—El systema ‘‘Cascaron’’) 
Oscar Sincer, Informes de la Construccion (Madrid), 


No. 47, Jan. 1953, Item 164-2, 4 pp. 

Describes a flexible system of prefabrication 
of houses employing spread U-shaped pre- 
cast concrete elements. One leg of the U 
rests on the foundation and comprises the 
floor while the base of the U forms one wall. 
Into this portion door and window openings 
are pre-formed as desired. The upper leg 
of the U is slightly above the horizontal to 
provide roof pitch. The elements are placed 
side by ‘side to form the length of building 
desired with the ends being enclosed by 
precast panels. Building style is varied by 
placing U’s back to back, open ends together, 
or in other combinations, 

Article does not state whether the system 
has had practical trial. 
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British oil harbors (Engelska oljehamnar) 
P. Letmporrer, Betong (Stockholm), V. 38, No. 1, 
1953, pp. 29-46 
Reviewed by E1rvinp HoaNnestap 

Describes concrete structures at three of 
Great Britain’s most important oil harbors. 
Four equal jetties are completed at Fawley. 
The first pier at the Isle of Grain was com- 
pleted in 1952, and three additional piers 
are under construction. Finally, facilities 
at Bristol are mentioned. 


Slip form method used in pouring grain elevator 
fast 

Western Construction, V. 28, No. 8, Aug. 1953, pp. 80- 
81 


Reviewed by M. W. Jackson 


About 2500 cu yd of reinforced concrete 
was placed in 51% days for a nest of 21 grain 
bins. On this San Francisco project, the 
concrete was placed continuously. The 4 ft 
high forms were jacked upward to keep pace 
with the work. The actual lifting of the 
forms was done by a 2l-man jacking crew 
with 145 pump jacks. Every 3 min they 
raised the forms slightly, so that the average 
upward movement was about 7! in. per 
hr. 


Reconstruction of Greenwell's No. 1 dry dock 
and ancillary works at Sunderland 
Harry RipeHnA.Las, Proceedings, Institution of Civil 


Engineers (London), Part 2, V. 2, No. 2, June 1953, 
pp. 321-364 (including discussion) 
Reviewed by Aron L. Mirsky 
Describes construction of new dry dock, 
which is 675 ft long, and has a clear entrance 
width of 87.5 ft and a depth of 27.3 ft of 
water over the sill at mean high water, and 
replaces a war-damaged dry dock originally 
built circa 1860. Construction of a tunnel 
between the new dry dock and the pumping 
plant for dry dock No. 2 enables the equip- 
ment of the latter, augmented by one ad- 
ditional pump, to serve both docks. Con- 
struction also included lengthening the No. 
2 dry dock from 515 to 565 ft, and extending 
the fitting-out quay from 550 to 760 ft. 


Reinforced concrete aqueduct 


W. Scorr Witson, Surveyor (London), V. 112, No. 
3188, Apr. 11, 1953, pp. 249-250 
Reviewed by M. W. Jackson 


Details and design computations are given 
for 7 x 9-ft box aqueduct supported on 


braced bents 20 ft high of reinforced concrete. 
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General 


Continuous concrete mixer (in Dutch) 
Cement (Amsterdam), V. 4, No, 23-24, Dec. 1952, pp. 


408-409 
Reviewed by Joun W. T. VAN Erp 


These continuous concrete mixers have 
been in use more than two years. Mixing 
takes place by means of a screw conveyor 
moving upward at an angle of about 20 deg. 
Aggregates and cement are dumped in 
hoppers feeding into the downward (entry) 
end of the conveyor. Quantities of aggre- 
gates and water are proportioned by means 
of valves and cement is added by a dosing 
spindle, all of them adjustable to the desired 
mix. The maximum deviation from the set mix 
is claimed to be no more than 3 percent, 
which is considerably less than conventional 
batch mixers. Advantages of continuous 
mixing are the possibility of continuous 
moving of concrete to placement site by 
conveyor, better homogeneity in the mix, 
and no breaks in placing time. 


Soluble silicates, their properties and uses— 


V. | and Il 
a VAIL, —- Publishing Corp., New York, 
N.Y., V. I: $9, V 15 
yt al by George L. KaLousex 

A two-volume treatise replacing the mono- 
graph of 1928 on this subject. Volume I is 
concerned with the theoretical consideration 
of soluble silicates. The first chapter is a 
brief resume of the history of the subject, 
and the second describes practices of pro- 
duction and control. The next chapter 
comprises a lucid and concise treatment of 
anhydrous and hydrous systems. Chemical 
properties of the anhydrous phases (glasses) 
and the interrelations of the properties are 
presented in figures and captions with such 
clarity and detail that the reader can follow 
the subject matter with only occasional 
reference to the text. The closing chapter, 
comprising over half of the contents of the 
volume describes a wide variety of techno- 
logically important silica containing materials 
such as water softeners, detergents, catalysts, 
etc. Therefore, aside from the theoretical, 
the first volume presents the practical aspects 
of a large variety of siliceous materials. 

Volume II is essentially a comprehensive 
treatise on industrial application of soluble 
silicates. The surprisingly large number of 
various uses of soluble silicates and methods 


of application will be of interest to readers 
in many different industries. For this 
reason the volume is a valuable addition to 
technical literature in general. The large 
number of references cited, particularly 
U. S. patents, together with an excellent 
arrangement of the material with emphasis 
on basic principles and properties allows the 
reader to compare and contrast methods of 
applications in widely different industries. 
The book is divided logically into four 
principal parts: interfaces modified; new 
surfaces; bonded surfaces; and sols, gels, and 
polymers. 


Both books are amply illustrated with 
photographs and graphs, printed and bound 
well, and written in a fluent easily readable 
style. Volume II contains an index to the 
subject matter of both books; Volume I 
contains an index of this volume only. 


Intrusion grouting seals porous coral rock for 
Vedado cofferdam 


Joun C. Kine and Joun R. ANpERSON, Civil Engi- 
neering, V. 23, No. 27, July 1953, pp. 36-39 

The Almendares tunnel, passing beneath 
the Almendares River, Havana, Cuba, was 
constructed in open cut within the confines 
of a steel sheet pile cofferdam and demon- 
strated the effectiveness of grouting by the 
prepacked method for sealing highly per- 
meable foundation material. Porous coral 
rock underlay and surrounded the tunnel 
sections and solidification, or filling of the 
pore spaces with grout, was necessary for 
protection against inflow into the cofferdam. 

A test pit showed that a pattern of holes 
on 20-ft centers, followed by a second pattern 
on 10-ft centers would be adequate under the 
job cofferdam, with relatively few holes of a 
third pattern at 5-ft intervals for check pur- 
poses or for treatment of special areas. Holes 
had grout injected into them by pressures 
ranging from 150 to 400 psi. The grout mix- 
ture consisted of cement, Alfesil, an intrusion 
aid, and’ sand where needed. Alfesil re- 
acts to form insoluble compounds with lime 
and the intrusion aid was used to produce a 
colloidal suspension in the grout. A total 
of 760 holes were drilled, cased, and grouted 
requiring a volume of 344,000 cu ft of grout. 
Inflow through grouted areas at a depth of 
38 ft below the river surface was less than the 
leakage through the sheet piling. 
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Concrete-placing cableway installation on 
Quebec power development 


Leonipas Zariri, Roads and Engineering Construc- 
tion (Toronto), V. 91, No. 4, Apr. 1953, pp. 132-140 
Reviewed by M. W. Jackson 
Describes an elaborate piece of construction 
equipment necessary for large dams and 
similar projects. It was the _first-prize 
thesis in the Canadian Construction Assn. 
1952 thesis competition open to all senior 
engineering students in Canadian universities. 


From the tetrahedrons of Genissiat to the tetra- 
pods of Casablanca (De la tetraedros de 
Genissiat a la tetrapodes de Casablanca) 

F. Bresex, Informes de la Construccion (Madrid), No. 


49, Mar. 1953, Item 538-3, 10 pp. 

Well illustrated description of model 
studies and field experiences with tetra- 
hedrons and tetrapods for jetty revetments. 
Methods of storing, transporting, and placing 
tetrapods (varying from 4 to 25 tons) are 
shown. 


Post-war coast protection works at Fleetwood, 
Lancashire, 1946-50 

WituiaM MELVILLE, Proceedings, Institution of Civil 
Engineers (London), Part 2, V. 2, No. 2, June 1953, 
pp. 503-509 


Coast protection: some recent works on the 
East Coast, 1942-52 


Jack Duvivier, Proceedings, Institution of Civil 
Engineers (London), Part 2, V. 2, No. 2, June 1953, 
pp. 510-531 

Reviewed by Aron L. Mirsky 


Two papers describing repair and improve- 
ment work on coast-protection structures in 
England. Second paper includes an appendix 
summarizing the effects of the Jan. 31-Feb. 1, 
1953, storm. 


Determining the position of reinforcement in 
concrete 


Engineering (London), V. 


175, No. 4555, May 15, 
1953, p. 640 


Reviewed by Aron L. Mirsky 


Describes portable electronic instrument 
developed for locating reinforcement and 
indicating its distance from the surface of 
the concrete. Principle of operation is 
simple: reinforcing bar affects air gap between 
primary and secondary coils mounted in 
search head; current induced in secondary 
coil affords a measure of the distance between 
search head and bar. Instrument can be 
valuable in checking position of bars and 
hence effective depth of load-carrying concrete 
members. 
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Engineering mechanics 
Linton E. Grinter, Macmillan Co., New York, N. Y., 


1953, 408 pp., $5.75 

Statics and dynamics are covered on a 
level suitable for introductory work in the 
undergraduate curriculum. As is the usual 
case, statics is first covered thoroughly and 
then dynamics follow. An attempt is made 
to unify the material to type problems so as 
to present the material more clearly. 

The chapters on statics follow the natural 
sequence of an introduction to basic concepts 
followed by resultants of coplanar forces, 
equilibrium of coplanar forces, applications 
to structures, and applications to simple 
machines involving friction. This is followed 
by a chapter on forces in space and then by a 
section on moments of inertia. 

Dynamics is introduced by particle kine- 
matics followed by kinematics of rigid bodies 
and machines. The three main chapters on 
kinetics, that is, mass-acceleration, work-en- 
ergy, and momentum-impulse follow in this 
order. Special attention is focused on their 
inter-relationships and individual usefulness 
to prevent confusion inherent in presenting 
three methods for solving similar problems. 
Simple harmonic motion and vibrations follow 
the chapters on kinetics. The final chapter 
deals with virtual work. 

The text has many numerical examples and 
problems devised to develop the use of in- 
genuity in expressing physical conditions and 
practical data in terms of equations. Clear 
diagrams and explanations make this an 
outstanding work in its field which should 
prove to be of value to both the student and 
practicing engineer. 


Curing pipe with supersaturated steam 
Concrete, V. 61, No. 8, Aug. 1953, pp. 3-5 


Placement of pipe machines in line and 
within easy access of kilns, development of 
special handling devices, and the use of super- 
saturated steam for curing are features 
built into a concrete pipe plant at Knoxville, 
Tenn. Supersaturated steam for curing 
pipe is supplied by passing steam through 
water in troughs, located at the side of the 
kiln and below floor level. Pipe are cured 
after each day’s run and average around 12 
hr in the kiln. Curing and allied pipe proc- 
essing and handling techniques are described, 
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Curing temperature, age, and strength of con- 
crete (Lagringstemperatur, lagringstid och 
betonghallfasthet) 
8S. G. Berestrom, Betong (Stockholm), V. 38, No. 1, 
1953, pp. 1-10 
Reviewed by Ervinp HoGNnestTap 

It has been suggested by A. G. A. Saul 
that the effects on concrete strength of 
curing temperature and age can be expressed 
in terms of a single parameter, a summation 
of the product of curing time and curing 
temperature. The temperature should be 
expressed as “‘degrees C plus 10,” since —10 
C seems to be a reasonable estimate of the 
lowest temperature at which any noticeable 
strength increase will take place. This 
assumption is found to be in good agreement 
with previously published data as well as 
with some new Swedish tests. However, 
exception must be made for concrete frozen 
shortly after casting, and the humidity at 
which curing takes place must be taken into 
account. The durability of concrete sub- 
jected to repeated freezing and thawing 
must be studied as a separate problem. 


“Prepakt” concrete in penstock of the Tranco 
hydroelectric development (El hormigon “‘Pre- 
pakt" en la conduccion forzado del aprove- 
chamiento hydroelectrico de pantano del 
Tranco) 

G. Vavero Bermeso, Informes de la Construccion 


(Madrid), No. 51, May 1953, Item 532-9, 10 pp. 

Prepacked concrete was used to fill the 
annular space around the steel lining of a 
pressure conduit driven through rock. Article 
describes tests of this system of concreting 
and the procedure in placing the aggregate 
and injecting the mortar. 


Giant diversion tunnels for Bhakra dam 
World Construction, V. 6, No. 3, May-June 1953, 


pp. 19-23; 46-48 

Excavation of foundations and the con- 
struction of the lower portion of the 680- 
ft high Bhakra dam in India necessitated the 
diversion of the Sutlej River through two 
50-ft diameter tunnels, each about half a 
mile long, one on each side of the dam. 
Tunnels were excavated to a diameter of 
nearly 60 ft and then lined with concrete to 
give the final diameter. Concreting of the 
tunnels was completely mechanized and was 
carried out with the help of steel gantries and 
pumping equipment. 


Testing of concrete mixers 
R. H. H. Krrxuam, Engineer (London), V. 195, No. 
5064-5067, Feb. 13, 20, 27, Mar. 6, 1953, pp. 232-235, 
286-288, 321-233, and 341-343 

Reviewed by M. W. Jackson 

One factor affecting the uniformity of 
concrete which has received little consider- 
ation is the mixer itself. 

A careful method of sampling from the 
mixer is described. The samples were washed 
to remove the cement, and the clean aggre- 
gate weighed to determine the deviation 
from the mix designed. 

It was found that the analysis of the 
fresh concrete gave a more precise assess- 
ment of the quality of the mix and more 
information about the cause of variability 
than measurements of strength or specific 
gravity of the mortar. 

Among variables tested were the effect of 
mixing time on uniformity of the batch, 
the effect on the quality of the concrete, 
and the effect of the variations due to the 
mixer on the design of the mix. 

It was found that although variations in 
the mix proportions did not affect the time 
required for adequate mixing, they had a 
considerable effect on the quality of concrete 
produced. The economy which can be 
achieved by the use of lean dry concretes 
in practice is considerably less than expected 
from laboratory tests owing to the increased 
variability of the material. It is desirable 
that methods of mixing these concretes 
should be improved. 

For the main series of tests the performance 
of three non-tilting mixers, two tilting-drum, 
and two open pan mixers was measured. 
Capacity of the mixers varied from 3.5 to 
14 cu ft. 

In general the tests indicated differences 
which can be attributed to the type of 
machine. The non-tilting drum mixers 
seemed likely to produce the most uniform 
dry concrete. 


Contractor saves money by using “wrong” 
side of Masonite for forms 
Pacific Builder and Engineer, V. 59, No. 7, July 1953, 
p. 89 
Reviewed by M. W. Jackson 

Describes two Utah bridge jobs requiring 
a slightly rough stoned finish. Using the 
“wrong” side of Masonite for forms cut stone 
finishing time in half over that for a smooth 
formed surface. 
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Tentative instructions for acceptance and 
acceptance tests of prestressing steel 
Bulletin of Union of Testing and Research Laboratories 


for Materials and Structures (Paris), No. 14, July 1953, 
pp. 67-79 

Tentative instructions for the acceptance 
and performance of tests on prestressing 
steel are presented. These instructions are 
primarily intended to be used with the 
German standard DIN 4227, ‘Prestressed 
Concrete, Dimensioning and Fabrication.” 
Sections covered are: acceptance of pre- 
stressing steel, anchorage acceptance, and 
tests to be run on the steel. Also included 
are the tentative specifications of the German 
Federal Railroads for the acceptance of 
prestressing steel. 


Underpinning absent in bridge widening 
Contractors and Engineers, V. 50, No. 8, Aug. 1953, 
pp. 66-67 

By using two added concrete pilings 
supporting concrete cap extensions and a 
system of patented steel truss joists, two 
bridges have been successfully widened, from 
18 to 20 ft on one of Louisiana’s major trans- 
continental routes, without exposing false- 
work to flood danger and without disrupting 
normal automobile and truck traffic. 

Both 130-ft bridges consisted of rein- 
forced concrete deck and girder construction 
resting on piles driven to firm bearing. To 
eliminate costly hand labor, explosives were 
used to blow off both sides of the bridge with- 
out destroying reinforcement so that a splice 
with the additions on each side might be 
made. An additional row of piles was then 
driven along both sides of the bridges to 
support the new extensions of deck and guard 
rail. The main pile caps were then extended 
to the new piles and used to support steel 
truss joists which carried the loads of the 
additions to the bridges during construction. 


Insurance concept balances economic factors 
in culvert design 
Raupx W. Powe .t, Civil Engineering, V. 23, No. 6, 


June 1953, p. 64 

A theoretical analysis of economical culvert 
design. Equations are derived for the design 
that makes the sum of the annual cost of the 
structure and the insurance a minimum, the 
insurance factor being the product of the 
damage which may occur times the proba- 
bility of occurrence. 
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Cooling concrete for Detroit Dam 
Roy R. Crarx and W. R. Jonnson, Military Engineer, 
V. 45, No. 306, stdieee 1953, pp. 288-291 
eviewed by M. W. Jackson 

Detroit. Dam in western Oregon required 
1,350,000 cu yd of concrete. Specifications 
required the temperature of concrete to be 
below 50 F when delivered to the forms. 
Article describes factors in selection of 
aggregate source, aggregate plant, cooling 
plant, and concrete temperature control. 


New medium- and high-pressure hydroelectric 
1 (Neve Mittel- und Hochdruck-Wasser- 
ftanlagen) 


F. Toe.ke, Zeitschrift VDI (Duesseldorf), V. 95, No. 
8, Mar. 11, 1953, pp. 225-232 


Reviewed by Aron L. Mirsky 


A survey of recent hydroelectric projects 
throughout the world. Author stresses 
influence of economic conditions (wages, 
price of cement, etc.), need for multi-purpose 
installations, development of high-head tur- 
bines and penstocks, availability of under- 
ground caverns, etc., in determination of 
plant location, type, and design. 


Control of underground water by cementation 
J. S. CrawHatu, Constructional Review (Sydney), 


V. 26, No. 2, June 1953, pp. 22-26 

It is often necessary in both engineering 
construction and mining work to prevent the 
flow of ground water into excavations. The 
technique of cementation—by which water- 
bearing fissures are sealed with cement— 
has proved an effective method of dealing 
with this problem. This article describes the 
process as it has been applied to shaft-sink- 
ing and development in South African gold 
mines. 


Building a bow string bridge of mixed rein- 


forced and prestressed concrete construction 
(Construction d'un bow string associant beton 
precontraint et le beton arme) 
J. Barets, Annales de L'Institut Technique du Batiment 
et des Travaux Publics (Paris), No. 67-68, July-Aug. 
1953, pp. 698-704 
From AvuTHOR’s SUMMARY 

Description of a bow string bridge of 
74-m span and 21.7 m_ width, including 
prestressed concrete ties and hangers, shows 
the usefulness of prestressing for eliminating 
tension stresses in these members. The 
long cables eliminate all the problems of 
stiffening or welding. Field problems are 
investigated in detail. 











Title No. 50-15 


Pier 57 Concreted Through the Winter’ 


By M. D. MORRIS 
SYNOPSIS 


Although much has been written about New York’s Pier 57 and the new 
techniques used in its construction, little has been said about the fact that 
through the five months from November, 1951, through March, 1952, regard- 
less of near zero temperatures, concrete was placed at 60 F and steam cured 
with no loss of time or ultimate strength. This brief description of this work 
is not posed as a standard text on the subject of winter concreting but is sub- 
mitted as a record of how one job was done successfully. 


INTRODUCTION 


The Department of Marine and Aviation of New York City accepted the 
design of Madigan-Hyland, New York consulting engineers, for a precast 
reinforced concrete pier to replace old Pier 57, North River, which burned 
to the waterline in 1947. Because of limited space at the pier site, the huge 
reinforced concrete boxes were built in the dry near Stony Point, N. Y., and 
then floated down the Hudson river to their final destination. The project 
was a joint venture of Merritt, Chapman & Scott and Corbetta Construction 
Co.; Colonial Sand and Stone Co. had the subcontract to supply the concrete. 

A batching plant was erected at the jobsite, and concrete was transported 
to the casting site in transit-mix trucks at a temperature of 60 F. At the 
casting site the substructure of the pier was laid out in three parts, a head- 
house, and two sections 360 ft long and 150 ft wide, each piece weighing close 
to 30,000 tons. Into the 90,000-ton total went 50,000 cu yd of concrete and 
some 5800 tons of reinforcing steel. Each section consisted of 18 bays, 20 ft 
long across the entire width. The bays were concreted three at a time for a 
60-ft run. 

Since much of the concreting was completed in cold weather, it can be 
noted that the power of winter as a foe of concrete construction is fading. 
Loss of time and money resulting from cold weather concreting is ceasing to 
be a contending factor in planning construction projects. Much has been 
written about New York’s Pier 57 and its wonders of construction wizardry, 
yet nothing, so far, about the fact that over the five-month period from No- 
vember, 1951, through March, 1952, regardless of how near zero the tem- 
perature hovered, concrete was placed at 60 F and steam cured with no loss 
of time or ultimate strength. 


*Received by the Institute Apr. 30, 1953. Title No. 50-15 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 25, No. 4, Dec. 1953, Proceedings V. 50. Separate prints are available at 35 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Apr. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Head, New York Office, Soiltest, Inc., Chicago, Ill. 
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CURING REQUIREMENTS 


When the cold weather started, concreting operations were not to be in- 
terrupted, and neither salts nor chemicals were to be included in the mix to 
lower the freezing point. Concrete was to be kept at a temperature of 50 F 
for seven days, and then gradually lowered to 30 F, or less, during the removal 
of protection and formwork, taking care to avoid any rapid temperature drops. 

During placing of the concrete, daily air temperatures averaged 25 F. 
There was a night minimum of —5 F, and one afternoon a high of 55 F. When 
the air temperature was 20 F or less, no concreting was permitted, but under 
the canvas, curing went on at a constant 50 F. 


SELECTION OF A CURING SYSTEM 


To complete these requirements called for a source of dry controllable heat 
and a distribution system. Unlike structural design, few hard or fast rules 
exist for field practice in concrete curing; some valid cold weather curing 
suggestions are included in the American Concrete Institute committee’s 
report on winter concreting.* In the main, however, the criterion is only the 
collected experience of the field engineer, superintendent, or master mechanic. 


Salamanders or any other portable systems were obviously inadequate for 
a job of this magnitude. The use of a stationary oil or coal-fired boiler re- 
quired expensive installations for an uneconomical output. The calculated 
requirement of up to 3200 lb per hr of dry steam over a 24-hr day continu- 
ously, indicated a steam generator of the flash type. 


Research, standardization of requirements, manufacturer’s guarantee, and 
a competitive market have placed most makes of flash-type steam generators 
about on par. The advantages of one in any direction are equalized by some 
strong feature of another, and, while just a few years ago they were a gadget 
on the market, today a choice of a steam generator is a personal one, much 
as what make of power shovel or bulldozer one purchases. The economical 
advantage of a flash-type generator is that the required steam output de- 
termines the amount of fuel used, generally about 40 gal. of No. 1, 2, or 3 
diesel oil per 3500 lb per hr of steam or about 1 lb of fuel for each 12 lb of 
steam produced. 


STEAM DISTRIBUTION SYSTEM 


For greater balance in distribution, the generator, rated at 145 boiler-hpt 
(4,230,000 Btu per hr), was located at the central-most point of the three 
sections, and provided with a water line, a 500-gal. fuel-storage tank, and 
an electric line. (Some steam generators are powered by electric motors and 
others by gasoline donkey-engines.) The generator was housed in a simple 
frame and canvas shelter (Fig. 1), and a salamander was used to heat this 
as an efficient generator emits no lost heat and is itself subject to freezing. 


*ACI Committee 604, ‘‘Recommended Practice for Winter Concreting Methods (ACI 604-48),"” ACI JourNat, 
Sept. 1948. Proc. V. 45, pp. 1-18 


tOne boiler-hp is equivalent to 34.5 Ib of water evaporated from water to steam at 212 F in 1 hr, 
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Fig. 1—Steam generator in simple 
frame and canvas housing 





From the receiver of the generator, a header valve regulated the flow of steam 
to the 4-in. header pipe which ran along one side of the entire length of the 
pier sections (Fig. 2 and 3). At the centerline of each 20-ft bay, a riser con- 
nection was welded so that a 1'%-in. riser pipe (Fig. 2) could be installed, 
used, and then later removed to economize on pipe. Once removed the riser 
tap was capped. At the top of each riser (Fig. 2) a hand valve controlled 
the flow of steam into a distribution line, also removable after use, which 
ran across the entire width of a bay and diminished in diameter starting from 
1)%-in. and ending with a 44-in. bleeder valve at the far end. This line was 
punched quadratically with Y%in. holes at 36-in. intervals at the outset and 
18-in. intervals toward the small end. 


Fig. 2—Detail of 1¥-in. riser from 4-in. 
header. At the top is the connection for a 
perforated-feeder pipe for steam curing 
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Fig. 3—Three bay sections steam 
curing under canvas. Note distri- 
bution pipe alongside pier section 


When a set of bays was ready for concrete, a header and distribution pipe 
were installed at each bay. As concrete was placed the bay was covered with 
canvas tarpaulins. When concreting was finished and covered (Fig. 2 and 3), 
the hand valve on the riser was opened and the steam allowed to cure the 
concrete (Fig. 4). The small amount of steam that did not eventually escape, 
generally condensed at the bottom of the bays, therefore it was essential to 
keep the steam as dry as possible. 


CONCLUDING REMARKS 


The schedule of concreting Pier 57 three bays at a time was continued 
uninterrupted throughout the winter, and curing was done in accordance 
with predetermined standards and finished on time. The journal of this 
accomplishment is not posed as a standard text on the subject of winter con- 
creting—this is still best left to qualified judgment gained from experience. 
Rather, it is submitted as a record of how one job was done successfully and 
to act as a guide toward more winter concreting projects. 


Fig. 4—Finished section, curing 
section, and reinforcement in 
place for superstructure 








Title No. 50-16 


Factors Influencing the Strength of Concrete as 
Revealed by a Six-Year Record of Concrete Control* 


By J. J. WADDELLT 


SYNOPSIS 


This paper presents a summary of six years of concrete control data for 
the Friant-Kern canal and distribution systems for the Bureau of Recla- 
mation’s Central Valley Project in California. The period covered is from 
June, 1946, to June, 1952. Several relationships between the different quali- 
ties of the concrete have been plotted, disclosing both an over-all trend and 
a cyclic variation. Partial explanation has been made for the trends and 
cycles, but some of the causes are obscure and defy identification. 


INTRODUCTION 


Careful attention to all steps of concrete production was part of the in- 
spection and engineering control in the construction of the Friant-Kern 
canal and distribution systems. Tests were made regularly on the concrete 
and its constituents. One of the most important control tests was compressive 
strength, performed on 6 x 12-in. test cylinders. Samples were taken regularly 
at the job site, where they were permitted to remain for one day before being 
taken to the laboratory where the cast-iron molds were removed and the 
specimens stored in a 70 F, 100 percent humidity room until breakage. 

The specimens were placed in a wooden box at the structure immediately 
after casting. An ordinary kerosene lantern, turned low, provided heat to 
protect specimens from damage in the winter time. During hot months 
the box was kept in the shade and the specimens covered with damp burlap. 
While these expedients protected specimens from extremes of temperature, 
(ranging from 18 to 115 F) they did not suppress such influences entirely. 
Specimens were protected from drying out at all times. Relative humidity 
was low throughout the year, especially in the summertime when it dropped 
below 15 percent. Rainfall, coming mostly during the winter months, was 
approximately 10 in. per year. Wind velocities were low throughout the year. 

The strength of the concrete, as indicated by these cylinders, was an 
important factor in mix design. Structural concrete was designed for a 
minimum average compressive strength of 3000 psi at 28 days, with at least 
80 percent of the individual cylinders breaking above 3000 psi. 





*Received by the Institute Feb. 23, 1953. Title No. 50-16 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 25, No. 4, Dec. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than fon 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Materials Engineer, Palmer and Baker Inc., Sr Engineers, New 
Orleans, La. (Formerly Materials Engineer, U. 8S. Bureau of Reclamation, Lindsay, Cali if 
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TABLE 1—PROPERTIES OF CONCRETE 
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Construction of the project was begun in 1945, and by the spring of 1946 
nearly all concrete contained an air-entraining agent. This study is con- 
cerned only with the air-entrained concrete, as it represents over 95 percent 
of the concrete produced. The percentage of entrained air was determined 
from samples of the concrete as it was dumped out of the mixer. Both gravi- 
metric and pressure methods were used. Average values for the amount of 
entrained air are included in Table 1. 


Materials 


Aggregates were manufactured from river-deposited gravels obtained from 
five different stream beds. Oversize material was crushed. Several different 
rock types were present in all of the aggregates. Among the most common 
were andesite, meta-andesite, quartzite, meta-sandstone, and granitic rocks. 

A supply of aggregates sufficient for about half of the project had been 
prepared and stockpiled at the beginning of the job. Prior to November, 
1946, the concrete represents the product of this one aggregate, one cement, 
one batching plant, and two mixers. Subsequently other plants and sources 
of materials were used. The first change was the erection of batching plants 
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TABLE 1—PROPERTIES OF CONCRETE (Cont'd) 
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at a greater distance from the stockpiles, necessitating the transfer of the 
aggregates several times during transportation from stockpile to batching 
plant. Some breakage, abrasion, and segregation occurred each time the 
aggregate was handled. Some of the concrete was mixed in transit mixers. 
All in all, the concrete referred to in this study represents cement from three 
sources—aggregates from five deposits (seven plants), and 1- to 4-in. slumps. 
Nine large batching plants and several small portable ones, transit mixers, 
and several small mixers were used in preparing the concrete. All concrete 
contained 114-in. maximum size aggregate and entrained air. Weather 
conditions were moderate, with most of the work being done between 50 and 
100 F. Test cylinders (except in a few isolated instances) were made by 
vibration; all were 6 x 12 in. in size, made in cast-iron molds, and were cured 
in a humid atmosphere at 70 F one day after making. 


INVESTIGATION OF MIXES 


Work had been underway on the project for about a year when it was 
discovered that the amount of water required per cu yd of concrete was in- 
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Fig. 1—Aggregate, cement, and water requirements 


creasing, resulting in a higher water-cement ratio which, in turn, brought 
about lower strengths. Preservation of a satisfactory margin of safety in 
strength required that the amount of cement be increased proportionately 
with the water content; in other words, that a constant water-cement ratio 
be maintained. Meanwhile an investigation was commenced to determine 
the cause of the trouble and, if possible, to furnish a means of eliminating it. 

During this first part of the study, the investigation was concerned with 
certain structural mixes similar to each other in all important respects. It 
became desirable to consider all mixes used during the six-year period ex- 
cluding, of course, special mixes for concrete pipe and low-strength backfill 
concrete. To do this involved many mixes, the principal differences of which 
were aggregate gradation, sources of aggregate, cement, water requirement, 
and cement factor—all of which contributed to variations in strength. 


VARIATIONS IN CONCRETE STRENGTH 

Aggregates 

Within reasonable limits, the gradation of the aggregates should have had 
no significant effect on the strength. The aggregates were proportioned to 
give concrete of optimum qualities with each of the materials used. Variations 
in aggregate proportions probably accounted for some of the individual 
strength fluctuations, but had no effect on the strength contour for the job 
as a whole. Hence, it can be stated that, for the purpose of this study, the 
relative proportions of aggregates had no effect on strength. The types of 
aggregates, however, were significant, and so were the different cements. 
These influenced the water requirement which, in turn, influenced the amount 
of cement required to maintain a reasonably constant water-cement ratio. 








omnes 





FACTORS INFLUENCING THE STRENGTH OF CONCRETE 289 





EE STRENGTH - PSI 








1$00 -——- : 4+ a 





1947 [i94e | tao Tso t9Si 852 | 


\o 
| as 
\o 





Fig. 2—Compressive strength based on monthly averages 

Water-cement ratio 

These variations in water, and hence cement, should not be confused with 
changes in these ingredients made in mixes using identical cement and ag- 
gregates—changes that were made for such reasons as diverse slump require- 
ments. Slumps ranged between 1% and 4 in. almost every day, depending 
on placing conditions, necessitating adjustments to the amount of water and 
cement to maintain a constant water-cement ratio. Their influence should 
be eliminated if possible. It is believed that this influence has been largely 
nullified by lumping together all classes of concrete for the monthly averages, 
as all types of placement conditions were encountered each month. While 
the curves (Fig. 1, 2, and 3) show monthly fluctuations in strength and water- 
cement ratio, there is no trend either up or down during the six-year peroid 
for these two properties. Fig. 1 shows that the requirements for water and 
cement were constantly increasing, in spite of the relatively constant strength 
shown in Fig. 2, and the lack of any trend in the water-cement ratio. 

Strength has been taken as indicative of concrete quality, a high-strength 
concrete being assumed to be more-or-less a high-quality concrete. To 
attain a reasonably high strength necessitated a water-cement ratio of 0.55 
or less. Yet to maintain this water-cement ratio, and at the same time 
produce concrete of proper workability, it was necessary to use progressively 
more water and more cement as time went on. 

To summarize, then: 

1. Aggregate gradation (in this case) has been considered as an influence of minor 
importance and is therefore assumed to be of no consequence in affecting the concrete. 
2. Variations of cement content for different mixes, due to such reasons as different 
slump requirements, affected the properties of the concrete. The effect of these vari- 
ations has been nullified in this analysis by the use of monthly averages. 


3. The types of aggregates and cements were of vital importance; their effect was to 
cause changes in water requirement and cement factor. 
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Fig. 3—Quarterly block diagrams 
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Theoretically, strength depends upon the water-cement ratio rather than 
on the amount of cement in a mix. Regardless of cement content, strength 
should remain comparatively constant for a constant water-cement ratio, 
other things being the same. When an appreciable loss in strength appears 
while the water-cement ratio is relatively steady, other influences must be 
sought. If at the same time the amount of cement is unchanged, then the 
strength loss must be caused by either a decrease in strength-developing 
properties of the cement, inferior aggregate, external effects on the specimens, 
or (a remote possibility) contamination of the concrete. 

Strength-cement ratio 

To provide a common denominator for evaluating all mixes regardless 
of cement content, use was made of the strength-cement ratio, or the S/C ratio. 
It is the compressive strength divided by the cement content and is expressed 
as pounds per square inch per barrel per cubic yard. What happens when 
mixes are compared on the basis of strength-cement ratio? First, for a 
given strength a mix with a high-cement factor will have a lower ratio than 
a mix with a low-cement content. To state it another way, at identical 
cement contents a low-strength concrete will have a lower ratio than a high- 
strength one. Second, it shows graphically (Fig. 4) the reduction in strength- 
producing properties of concrete ingredients used on this project, as well as 
the effect of other conditions. 

In seeking an explanation of the decline in strength-cement ratio it must 
be noted that this ratio has been defined as the strength divided by the cement 
content. It follows that every factor affecting strength will also, in general, 
affect this ratio. The converse, however, is not necessarily true; that is, there 
is at least one factor which influences the strength-cement ratio but which has 
no measurable effect upon strength. Assume, for instance, that for a given 
cement and aggregate the mix design is altered in such a way that the water 
and cement are changed proportionately and together (say, each increased 
5 percent). The strength will remain virtually unchanged, but the strength- 
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Fig. 5—Properties of cement 


cement ratio will decrease. Within limits, changes in cement content at 

constant water-cement ratio, have no appreciable effect on strength but do 

affect the S/C ratio; the ratio goes down as the cement content is increased. 
To summarize, the principal factors which govern the variation of the 


monthly average strength-cement ratio (not necessarily in order of impor- 
tance, and not counting seasonal variations which will be discussed later) are: 


(a) Characteristics of the cement. 

(b) Amount of cement per cubic yard of concrete. 

(c) The water-cement ratio. 

(d) Water content required to produce the desired slump. 
(e) Characteristics of the aggregates. 


Cement 

Cement for the project was purchased under Federal Specification No. 
SS-C-192 and was low-alkali Type II. It was sampled at the mill and the 
various physical and chemical properties determined. Some of these properties 
are shown in Fig. 5 and Table 2. 

Fineness, of course, is important in strength development. The strength 
of a concrete is proportional to the fineness of the cement used in that con- 
crete; a finer cement developing strength more rapidly than a coarse one. 
Tricalcium silicate (C;S) is important in strength development. It is the 
second compound of cement to hydrate, following tricalcium aluminate. 
A cement high in C;S develops strength at a relatively rapid rate. For 
instance, a Type III (high-early strength) cement may contain over 50 per- 
cent C3S, compared to less than 30 percent for a low-heat, Type IV cement. 

Fig. 5 relates C;S, fineness, and strength of cement for the six-year period. 
Fig. 5 shows there is a declining percentage of C;S finally leveling off in 
1951 when use was made of more or less one brand of cement, possibly a 
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TABLE 2—PROPERTIES OF CEMENT 




















Compressive Compressive 
strength, psi Wagner C38, | gtrength, psi Wagner CS, 
Month ——, ——| fineness | percent Month | —— ! ————} fineness | percent 
7-day 28-day 7-day | 28-day | 
1946 } | | 
June 1949 | | 
July July | 2695 4650 | 1900 |; 52 
August | August 2700 | 4340 | 1907 | 49 
September 2310 3825 1850 | 59 | September | 2095 | 4685 | 1903 | 52 
October | October | 2640 | 5300 | 1940 50 
November 2165 3480 | 1750 49 November | 2460 4780 44 
December 1950 | 3270 | 1870 46 December | 2645 | 5375 | 1935 | 47 
| 
1947 | 1950 | | 
January 2405 | 3705 1880 52 | January | 2205 4640 | 1870 | 44 
February 2160 3275 1880 53 | February | | 
March 2400 4140 1940 56 March 2645 3940 | 1873 47 
April 2365 3775 1823 52 April 2395 3850 | 1887 | 47 
May | 2320 3595 1840 48 May 1910 3940 37 
June 2085 3635 1889 50 | June | 2440 4170 1921 42 
July | July | 2455 | 4220 | 1880 43 
August 2395 3945 1860 | 52 | August | 2755 | 4480 | 1861 44 
September 2525 3950 1895 | 55 | September | 2780 | 4690 | 1860 43 
October 2710 4225 1900 55 | October | 2895 | 4725 | 1970 45 
November 2570 4080 1913 | 51 | November | 2670 | 4480 | 1932 42 
December 2370 3775 1860 | 7 | December 2510 | 4280 | 1880 43 
1948 1951 | 
January January 2515 | 3760 1930 41 
February | February 2715 | 4455 | 1959 45 
March 2095 3705 1919 45 } March 2505 | 4305 1823 45 
April 2450 | 4090 1900 50 April 2150 | 3765 | 1904 41 
May 2435 3975 1835 | 50 } May } 2190 3790 | 1913 41 
June 2275 | 3845 2024 51 June | 2285 | 3940 | 1845 | 43 
| 
July 2250 | 4275 | 1904 50 | July | 2305 | 3045 | 1860 | 44 
August 2445 4375 1865 48 August } 1905 3440 | 1870 | 43 
September 2530 | 4075 1845 | 53 September | 1590 — 1827 | 36 
October | 2005 | 3735 | 1868 | 44 | October |} 2000 | — | 1921 | 41 
November 2025 | 4080 1890 41 November |} 2095 | 1920 43 
December 2305 | 4610 | 2000 | 44 December | 2510 | 1877 | 44 
1949 1952 | 
January 2385 | 4745 | 2046 | 46 January } 2930 | | 1847 44 
February 2615 5095 1932 49 February } 2810 | | 1844 44 
March 2210 | 4030 | 1905 46 | March 2680 | 1857 44 
April 2635 4470 | 1883 52 | April 2515 1805 44 
May 2445 4465 | 1912 45 May | 2610 | 1850 44 
June 2470 | 4845 | 1890 45 





peak in the fineness curve, and a peak in the 28-day strength curve. The 
seven-day strength shows no trend. Strange as it may seem, the peak of the 
28-day cement strength occurs at the time when the most trouble was 
experienced with low strengths on the job. 

It is difficult to explain the disparity between the strength of cement samples 
taken at the mill and the concrete strength on the job on the basis of cement 
alone. It is well known that cements considered to be similar on the basis 
of chemical tests and fineness will produce concretes of different strength. 
The cause of these inequalities is obscure but it may include such things as 
variables in manufacturing process or raw materials, or different air-entraining 
properties inherent in the cement. Such dissimilarities may account in part 
for the irregularities of concrete on this project, especially when one keeps 
in mind the fact that cement came from three plants located in different 
parts of the state and was processed from raw materials from deposits of 
different geological character. But this cannot explain all of the differences, 
and it is therefore concluded that job factors are of major importance. 
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When the amount of cement per cubic yard of concrete is considered 
(Fig. 1 and 3) it is seen that there had been a steady demand for more cement 
as time went on, with indications that leveling off started in late 1951 and 
1952. Even this is not certain, as the strength-cement ratio took a drop 
during the same final few months. However, it may be observed that the 
decline in the strength-cement ratio is due to the increased cement content. 

But the increase in the amount of cement is but a symptom in itself, and 
the search must be carried further to reach the ultimate cause. Going one 
step further, it is seen that the water-cement ratio is fairly constant, and, 
therefore, the cement demand resulted from increased water requirements. 


Water content 

There was a gradual, but steady increase in water requirement through 
most of the period under study. This in turn required more cement to main- 
tain the water-cement ratio within the proper range. Obviously, the decline 
in S/C ratio was caused by the mounting water requirement, which in turn 
required more cement to keep a steady water-cement ratio for the main- 
tenance of satisfactorily high strength. Yet once more it is necessary to delve 
further to ascertain just what affected the water requirement. 

This leads to a consideration of the characteristics of the aggregates. 
Here, it is believed is at least an important contributor to the problem. As 
previously noted, as the work proceeded further away from the first source 
of aggregates, the different method of handling them produced more breakage 
and abrasion. The additional fines thus produced would have caused a 
slightly higher water requirement for the concrete made with the aggregates 
containing them. After the original stockpiles had been depleted, use was 
made of aggregates available locally near the site of the work. Because of 
particle shape, chemical composition, or other reasons these aggregates 
demanded more water for equal workability of the concrete. 


Weather cycle 

An annual cyclic variation in the characteristics of the concrete super- 
imposed on and independent of the general course of concrete properties, 
was discovered early in the investigation. In Fig. 6, these seasonal waves 
are clearly delineated. Fig. 6 is made up by a smooth curve drawn between 
points representing six-year averages, of each month, for the properties listed 
in Table 1. For example, the W/C ratio for June in Fig. 6 was obtained by 
averaging the W/C ratios for June for six years. For comparison, the normal 
mean temperatures of the nearby city of Fresno, Calif., are plotted in Fig. 7. It 
is believed that the cyclic variations can be satisfactorily explained by the 
annual weather cycle. The air temperature reached a peak in July and a low 
in December and January. 


It was customary to start increasing the cement content (thus lowering 
the water-cement ratio) in early winter to help control the downward trend 
in seven-day strength which had started in August and reached the lowest 
safe minimum in November. This falling off of seven-day strength was 
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Fig. 6—Cyclic variations based on two cycles 














caused by increasingly colder weather slowing down the early gain in strength 
of the concrete in the structures and in the test cylinders which were left on 
the job overnight. By February or March the weather was becoming warmer 
and the strength was developing early enough to permit lowering the amount 
of cement again. This was done during the spring, along with a decrease 
in water requirement. The water decrease was not enough to offset the cement, 
and an increase of water-cement ratio resulted. In spite of this, and due to 
rising air temperatures, strength at seven days continued to gain until 
August, when the drop toward the November low commenced once more. 


Outside factors affecting the seven-day strengths have less influence on the 
28-day specimens. This is to be expected, since the specimens at an age of 
one day were stored in a 70-deg fog-curing room. The 28-day curve appears 
to match the water-cement ratio curve closely, showing a high strength 
where the water-cement ratio is low, and vice versa, except for a minor crest 
in late summer and a minor trough in winter when field conditions affecting 
the seven-day strength were strong enough to influence 28-day strength also, 
in spite of operation of the water-cement ratio law. 

Another factor of importance in the weather cycle is the effect of mixing 
and curing temperatures. The ultimate strength of concrete mixed and 
cured at elevated temperatures is invariably less than that of concrete mixed 








JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1953 


and cured at 70 F or lower, 
although highearlystrength 
usually results from the 
high mixing and curing 
temperature. To state it 
another way: high initial 
temperatures usually pro- 
duce high early strength, 
and low initial tempera- 
tures usually produce high 

ultimate strength. 
As shown in Fig. 6, the 
a Ce wee re seven-day strength curve 
oe 264 follows the temperature 
Fig. 7—Normal mean monthly temperature at curve (Fig. 7) closely, with 
Fresno, Calif. minor fluctuations caused 
by the mix manipulations. 
The 28-day strength, having been influenced by standard curing of the speci- 
men after 24 hr, was inclined to be less influenced by initial temperature 
conditions and reflects instead the water-cement ratio law to a greater degree. 
Fig. 6 also shows the ratio of seven-day to 28-day strength (S7/Ses). The 
ratio is highest in late summer and lowest in winter, indicating that the 
difference between seven-day and 28-day strength is greatest during the cold 
weather. This is to be expected for, as brought out before, the early strength 
is influenced more by atmospheric temperatures during and immediately 
after placing than is the 28-day strength, and will, on the average, be higher 

during the summer than during the winter. 


DEGREES FAHRENHEIT 


CONCLUSIONS 


An absolute correlation of the variations of the properties of the concrete 
under study cannot be achieved. Moreover, some of the variations in water 
requirement are not clearly understood or explained. It is entirely possible 
that in addition to the factors included in this analysis certain other variants 
of concrete control influenced the water requirement and the strength charac- 
teristics of the concrete. The water requirement is not an ultimate cause; 
it is an immediate cause and is itself the result of certain basic causes, some 
of which are obscure. The basic causes appear to be the changes in sources 
of materials, methods of handling materials, and cyclic weather variations. 
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Title No. 50-17 


Limit Analysis and Design™ 


By WILLIAM PRAGERt 


SYNOPSIS 


Many problems concerning limit analysis and limit design of reinforced 
concrete beams and frames can be treated geometrically in terms of the safe 
domain in load space. The procedure is illustrated by a typical example 
involving a frame. 


INTRODUCTION 


The conventional analysis of indeterminate structures is restricted to the 
elastic range. Structures with ductile members may remain serviceable far 
beyond this range, so that the limits of their usefulness cannot be explored 
by the methods of elastic analysis. Limit analysis is concerned with estimating 
the load intensity at which a given indeterminate structure ceases to be 
serviceable. Limit design, on the other hand, is concerned with allocating 
local yield strength to the members or cross sections of an indeterminate 
structure in such a manner that this structure remains serviceable under 
given conditions of loading. 

The basic concepts of limit analysis were developed more than 30 years 
ago.' Early applications were restricted to continuous beams,” but later 
frames were also treated successfully. General principles were established 
by Greenberg and Prager,‘ by Hill,> and by Symonds and Neal.* Contrary 
to limit analysis, limit design in the sense defined constitutes a practically 
unexplored field. Heyman’ studied certain problems in limit design of con- 
tinuous beams and frames, and Foulkes* pointed out the relation between 
limit design and linear programming. The following discussion is concerned 
with the limit design of a frame. 


BASIC CONCEPTS 


Elastic analysis of indeterminate beams and frames is based on a linear 
relation between the bending moment M and the curvature « (dotted line in 
Fig. 1). As Hill® pointed out, limit analysis may be based on the relation 
between M and «x which is represented by the full line in Fig. 1. According 
to this relation, which neglects all elastic deformations, bending can take 
place only if the bending moment attains the limiting values M’ or —M”. 

*Presented at the ACI 49th annual convention, Boston, Mass., Feb. 18, 1953. Title No. 50-17 is a part of copy- 
righted JouRNAL OF THE AMERICAN ConcRETE INstTITUTE, V. 25, No. 4, Dec. 1953, Proceedings V. 50. Separate 
prints are available at 35 cents each. Discussion (copies in triplicate) should reach the Institute not later than Apr. 


1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 
+Professor of Applied Mechanics, Brown University, Providence, R. I. 
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M4 f Since these extreme values will be 

boop reached only at discrete cross sec- 
tions, bending will be localized in 
‘plastic hinges.” 





Admittedly, the full-line graph in 
Fig. 1 represents a simplification of 
the actual relation between M and x. 
However, the mechanical behavior of 
reinforced concrete beams is more 
--- elastic closely represented by the full-line 

ps, Sera h than by the dotted line (Fig. 1) 

; graph than by the dotted line (Fig. 1). 

| At certain (more or less well defined) 

Fig. 1—Bending moment versus values of positive or negative bending 

sees ine moment, the curve M versus « turns 

rather sharply and becomes fairly flat compared to its steep ascent in the 
elastic range. 








EXAMPLE FRAMF 


The frame shown in Fig. 2 is built-in at 1 and pin-supported at 5. The 
loads P and Q are supposed to vary independently, and it is required to 
find all “safe states of loading,” 7.e., all combinations of P and Q (ineluding 
negative values of these loads) which will not result in plastic failure of the 
frame. It will be convenient in the following to use a two-dimensional “load 
space” in which a state of loading is represented by the rectangular coordi- 
nates P and Q; the points representing safe states of loading then form the 
“safe domain” whose boundaries will be developed. 

Bending moments will be considered as positive, if they produce tension 
on the inner side of the frame; angle change at a plastic hinge will be con- 
sidered positive, if it represents an increase of the interior angle. 

It will be assumed that the limiting moments of the column and beam 
are equal at joints 2 and 4, and that the limiting moments of each of the 

segments 1-2, 2-3, 3-4, and 4-5 vary 
Q linearly. Since the bending moments 
3qa—+— 3a = caused by the loads also vary line- 
1 
2 





arly, plastic hinges need to be consid- 





3 4 ered at the critieal sections 1 to 4 only. 
The limiting moments at these sec- 
4 tions will be written in the form 
qa Mi =M;+M?; — Mi; =M; — M9; 

| ee Ga. Ff eee re Tree (1) 
A ane In Eq. (1) M; and —M") are the 





? 


“limiting moments,” 7.e., the’ limits 
& of the “safe range’ of the considered 
Z cross section. M; represents the center 
Fig. 2—Example frame of this range and 2M? its width. 
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The assumptions introduced may not seem realistic to experienced designers. 
However, it is felt that the field of true limit design, as opposed to limit 
analysis, is still so little explored that much can be learned even from 
“artificial”? examples. 

As was pointed out by Symonds and Neal,° it is convenient to consider any 
plastic deformation (made possible by the appearance of a sufficient number 
of plastic hinges) as resulting from interaction of certain elementary mecha- 
nisms. In the present case, the number of independent elementary mecha- 
nisms is two; these can be chosen in various ways, the most convenient choice 
being that of the frame mechanism of Fig. 3a and the beam mechanism of 
Fig. 3b. The numbers on the inner side of the frame (Fig. 3) indicate the 
angle changes corresponding to unit linear displacements of the points of 
application of P and Q, respectively. Any plastic deformation of the frame 
will be specified by the horizontal displacement p of joint 2 and the vertical 
displacement gq of joint 3 (Fig. 4). 


Safe segments of example frame 

To construct the safe domain of the frame, consider first the hypothetical 
case where M3 = 0 and M; = M®? = 0 fori = 1, 3, and 4. Since a section 
with zero-limit moments acts as a perfect hinge, the frame would, in this 
case, have hinges at 1, 3, 4, and 5 and would be capable of deformation even 
in the absence of a plastic hinge at 2. This type of deformation is obtained 
by combining the elementary deformations shown in Fig. 3a and 3b in such 
a manner that the resulting angle change at 2 is zero, 7.e., the right angle is 
preserved. This will be the case when p = 2g. The principle of virtual work 
(Pp + Qq = 0) shows then that a frame with perfect hinges at 1, 3, 4, 
and 5 can be in equilibrium only if 

ee Fe abt RAE RRS a bs ks Cabal eae Lk Ol we Oe a ees (2) 
Even if this ratio between the loads is maintained, the frame will eventually 
fail because a plastic hinge will form at 2 under large loads. Thus, the safe 
domain in this hypothetical case is a finite segment of the line represented 
by Eq. (2). The endpoints 
A and B of this segment 


(Fig. 5a) are readily deter- Ife 3 4 2 | 4 
mined by the kinematic /6c O I|Aa pt ee, 
method of Greenberg and -I/3a 2/3 -|/30 
Prager;* their coordinates G 
are found by equating the 
work of the loads P and Q | 
to the energy dissipated in 5 5 
the plastic hinge at 2. 
A: P = M%/6a -/6a "0 
Q = — M2/3a 
B: P= 
Q = M?/3a (a) (>) 
Note that A and B are Fig. 3—Elementary mechanisms 














| 
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symmetric with respect to the origin 
and that the coordinates of A are 
obtained by multiplying the angle 
changes at joint 2 (Fig. 3a and 3b) by 
M9. 
Next, consider the case where M3 
~ 0. It is found that the safe domain 
(Fig. 5b) is a segment which has the 
same length and slope as before but 
is centered at the point C with the 
coordinates 
P=M3/6a Q= — M3/3a 
Fig. 4—Specification of defor- The coordinates of C are obtained by 
mation by displacements p and 4 multiplying the angle changes at joint 
2 (Fig. 3a and 3b) by M5. 
Three other hypothetical cases have to be considered. In each of them 
the limiting moments vanish at all but one of the critical sections. The 
corresponding safe domains are readily determined by the method outlined 
in the previous cases. For example, Fig. 6a shows the safe segment (for the 
case where Mj = M3 = M3 = Mj = 0, M? = M, and M9 = M2? = M9 
= 0; the quantity 6M/a being taken as the unit of force). Each of these 
safe segments considers the yield strength of one critical section only, and 
assumes the other sections to have zero-yield strength. 





Safe domain of example frame 


The actual safe domain can be obtained from the safe segments by applying 
the following superposition principle: a point S in the PQ plane is in the 
safe domain of the frame if, and only if, the position vector of S can be obtained 
by selecting one point in each of the four safe segments and then adding the 
position vectors of these four points. 


In accordance with this superposition principle the desired safe domain is 
obtained by the following steps (Fig. 7) 


1. Let the safe segment of Fig. 6a undergo a translation such that its center moves 

along the safe segment of Fig. 
Q Q 6b; the (dotted) parallelogram 
swept in this motion is the safe 
domain which takes account 
of the yield strength of the 
sections 1 and 2. 





2. Let this parallelogram 
undergo a translation such 
that its center moves along 
the safe segment of Fig. 6c; 
A A the (dashed-line) hexagon 

swept in this motion is the 

(a) M>° #0 (b) M>* #0, M,° #0 safe domain which takes ac- 
Fig. 5—Safe segments (all M*; and M°; except those count of the yield strength 

indicated are assumed to be zero) of the sections 1, 2, and 3. 
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-4 -47 
| (a) M,° = M (b) M,° = M (c) M,° = M (a) M,° = M 


Fig."6—Safe segments (all M*; and M®; except those indicated on figure are assumed to be 
zero; unit of force = 6M /a) 


3. Let this hexagon undergo a translation such that its center moves along the safe 
segment of Fig. 6d; the (full-line) octagon swept in this motion is the desired safe 
domain of the frame, 7.e., any combination of P and Q represented by a point inside this 
octagon will not cause plastic failure of the frame specified by M} = M} = Mj} = 
M‘ = 0, and M? = M2 = M? = M® = M. 


It follows from this construction that the sides of the safe domain are 
parallel and equal to the safe segments. If the value of M° at a critical 
section is doubled, for example, the corresponding safe segment and hence 
the corresponding side of the safe domain doubles in length but does not 

change its direction. Fig. 8a shows 

Q how Fig. 7 changes when the value 

of M9 is doubled and that of M9 is 

halved. If the value of M* at a 

critical section is changed, the corre- 

sponding safe segment slides along it- 

self without changing its length (Fig. 

5); therefore, the safe domain of the 

frame undergoes a translation in the 

direction of one side. Fig. 8b shows 

P how Fig. 8a changes when M3 is 
changed from 0 to M/2. 








' 
et 


LIMIT DESIGN OF EXAMPLE FRAME 





Loads in Fig. 2 may be the result 
of dead load, snow load, and wind 





pressure. Positive values of P corre- 
spond to wind pressure on the left 
wall and negative values to wind pres- 
sure on the right wall. If wind suc- 
tion on the flat roof and the lee-side 
wall is taken into account, the pos- 





Fig. 7—Safe domain (M*; = M*, = 
M*;, = 0, M?, = M2, = M?°,; = 


M*; 
M%, 


M, and unit of force = 6M/a) sible states of combined loading are 











JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1953 














(bd) 


(a) M)*=Mo*=M3*=M,*=0 
(b) My*=M3*=M,*=0, Mo*=M/2 


Fig. 8—Safe domains (unit of force = 6M/a) 


}nyo-om, M>°=M, M3°M/2, Mm, O=M 


found to be represented by the points of a “domain of loading” such as the 
hexagon ABCDEF (Fig. 9). This domain of loading will be assumed to 
incorporate the appropriate load factors. The octagon BCIKEFGH is cir- 
cumscribed to this domain of loading and has sides of the appropriate direc- 
tions. The manner in which this octagonal safe domain is built up from 
the safe segments is indicated in Fig. 9. By analyzing these segments, the 
values of M* and M® for all critical sections are readily determined. 

— 0.5M M? = 65M 

— 0.5M M2 = M 


M ame SERGIO eS TIRES Aaa HAMA smd pees base oy ons (5) 
— 0.5M M$ =M 


where M is the value of the limiting moment used in constructing Fig. 6. 
With these values, the limiting moments at the critical sections are easily 
found from Eq. (1) as follows 


6.0 M and — 7.0 M for section 1 
0.5 M and 1.5 M for section 2 
3.0 M and — 1.0 M for section 3 
0.5 M and — 1.5 M for section 4 


There is, of course, more than one way of circumscribing an appropriate 
octagon to the domain of loading. For instance, the octagon BC’I’KEF’G’H 
could be used (Fig. 9), but this leads to heavier sections at 1 and 3 and a 
lighter section at 4. It is likely, however, that the design for which safe 
domain and domain of loading have a maximum number of vertices in 
common represents the most economical use of materials. 





1] 
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Fig. 9—Limit design of ex- Q 
ample frame (unit of force = +> 6 
— G Al24 H 
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CONCLUDING REMARKS 


The method developed here is adequate whenever the plastic deformation 
of the structure can be described in terms of two elementary mechanisms. 
When there are three elementary mechanisms (Fig. 10) a three-dimensional 
load space must be used (with P, Q, and R as rectangular coordinates). The 
safe domain is then a polyhedron which can be constructed from safe seg- 
ments much in the same way as the polygonal safe domain was constructed. 
Complications arise, however, when the three loads P, Q, and R are not 
independent of each other. When P and Q result from wind pressure, for 
instance, the ratio P/Q will have a fixed value n. The safe domain for this 
case is obtained as the intersection of the polyhedron and the plane P — nQ 
= 0. When the polyhedron is not centered at the origin, this intersection 
can assume a rather irregular shape. It is believed that the influence of 
changes in cross section on the shape of this two-dimensional safe domain 
can be properly understood only if it is visualized as a plane intersection of 
the more-regular three-dimensional safe domain. When more than three 
elementary mechanisms must be used, analytical methods will have to replace 


R 


o + P* ” 





Fig. 10—Frame with three ele- 
mentary mechanisms 
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the present geometrical procedure. Such methods are available in the theory 
of linear programming.® 
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Discussion of a paper by William Prager: 
7 - . e * 
Limit Analysis and. Design 
By J. F. BAKER, L. H. N. LEE, and AUTHOR 


By J. F. BAKERT 


Professor Prager is not quite accurate when he says that “limit design 
constitutes a practically unexplored field.”” From his paper it appears that 
what is called “limit design” in the United States is identical with what we 
in Great Britain call “plastic design.”” A considerable team, working during 
the last 10 years in the Engineering Laboratory, Cambridge University, 
and before World War II at the University of Bristol, has concentrated its 
attention on developing a rational design method based on “collapse” of a 
redundant structure by the development of plastic hinges. Though the 
team has been responsible for developing many of the methods of analysis 
now available, some of which are listed by Professor Prager, they have only 
done this in the course of their interest in design. 

Experimental verification, both on small and full scale structures, has 
gone hand in hand with analysis so as to avoid the usual pitfall, into which 
applied mathematicians are wont to fall, of choosing simple assumptions 
because they make pretty analysis possible though they do not represent 
what really happens in a structure. It has already been possible to make 
available a simple method which any designer can apply to single story 
frames!:? and many such buildings have been successfully designed and 
built.*:* The design of multistory frames has proved much more difficult 
because of the complicated behavior of continuous stanchions in the plastic 
range but the Cambridge team can now design such structures economically. 
An account of the work will be published shortly. 

Even before this post-war investigation at Cambridge, the work was being 
used widely and at least a quarter of a million tons of steel were fabricated 
in Great Britain in war-time structures designed according to the plastic 
method.® 

Since this work has gone so far in Great Britain, and in view of the close 
relations which exist between the Cambridge team and the chief American 
workers, Professor Prager at Brown University, Professor Bruce Johnston 
of the University of Michigan, and Mr. Beedle at Lehigh University, is it 
too late to put in a plea for the use in America of the description “plastic 


*ACI Journat, Dec. 1953, Proc. V. 50, p. 297. Disc. 50-17 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
+Professor and Head, Department of Engineering, U ‘niv ersity of Cambridge, Cambridge, England. 
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design” rather than “limit design”? The latter is presumably based on the 
use of a “limit load” but this, of course, is possible with an elastic method 
such as that developed in England nearly 20 years ago.® 


The new and remarkably reliable and simple method is only made possible 
by plastic behavior; it is surely fitting that this should be reflected in the name. 
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By L. H. N. LEE* 


Limit analysis of reinforced concrete beams and frames has been carried 
out both analytically and experimentally in the past decade;!:?:*-+ but because 
of the complexity of the behavior of reinforced concrete members, the field 
remains to be further explored. Professor Prager’s timely paper calls atten- 
tion to the need for useful methods of determining the limiting strength of 
reinforced concrete structures. 

Professor Prager assumes that, for the purpose of limit design, (a) rein- 
forced concrete members cannot bend until the bending moment has reached 
the yielding moment M’ and may then bend indefinitely under the constant 
bending moment M’, and (b) failure of a reinforced concrete structure occurs 
when sufficient plastic hinges develop to convert the structure into a 
mechanism. 

These assumptions are practically correct or on the safe side for the struc- 
tures made of ductile materials. But they require further consideration as 
applied to reinforced concrete structures. 

It has been found that the strain capacity of concrete is limited.?>.* The 
ultimate tensile strain of concrete is about 1 x 10 to 2 X 10~ and the 
ultimate compressive strain may be 0.3 to 0.5 percent. Because of the limit 
of the strain capacity, a reinforced concrete member will not bend indefinitely 
under the yielding moment. The extent of plastic deformation is governed 
by the properties of reinforcement and concrete, and by the percentage of 
the reinforcement.*:7 

For reinforced concrete members with low percentage of reinforcement, 
the method of limit design can, without doubt, be applied safely. But ordi- 
nary reinforced concrete members are designed according to the principle 


*Assistant Professor of Engineering Mechanics, University of Notre Dame, Notre Dame, Ind. 
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of “balanced design.”” The typical moment-curvature curve of ordinary 
reinforced concrete members is in the form as described by Professor Prager, 
except that the plastic range of deformation is limited*:? (about 2 to 5 times 
that of the elastic range). In this case, only under favorable distribution 
of loads does the yielding of one section in a reinforced concrete structure 
vause the vielding of other sections. If the yield hinges required to trans- 
form a structure into a mechanism have not completely developed, the limit- 
ing strength of the structure has to be determined by finding the complete 
distribution of moment and deformation at the instant of impending collapse. 
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AUTHOR'S CLOSURE 


The author is indebted to Professors Baker and Lee for their discussion 
of his paper. 

In remarking that true limit design constituted a practically unexplored 
field, the author wanted to emphasize the fact that at the time his paper was 
written (November 1952), the overwhelming majority of papers in the 
field were concerned with limit analysis as distinguished from limit 
design. The papers mentioned in Professor Baker’s references 3, 4, and 6 
had not yet been published. 

As regards Professor Baker’s preference for the term “plastic analysis or 
design,” the author should like to offer the following remark. Limit analysis 
is the analysis of limiting states of equilibrium and is not restricted to plastic 
behavior. The theory of earth pressure, the theory of the Voussoir arch,* 
and the theory of the tension field in aircraft structures constitute other 
examples of limit analysis. In the last example, the extremely thin web of 





*See, for instance, A. Kooharian, ‘Limit Analysis of Voussoir (Segmental) and Concrete Arches,” ACI JournNatL, 
Dec. 1952, Proc. V. 49, pp. 317-328. 








304-4 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 1954 


a beam or the skin of a reinforced shell are allowed to buckle elastically. 
Since the compressive stress normal to the wrinkles is regarded as constant 
during the buckling process, the general theory of limit analysis can be applied 
though there is no plastic flow involved. While proper for the application 
of limit analysis to steel structures, the term “plastic analysis” is not broad 
enough to include these other applications. 

Methods of estimating the elastic-plastic deformation at the time the limit 
load is reached are certainly highly desirable, as Professor Lee points out. 
Unfortunately, no reliable methods are known so far, short of the cumber- 
some study of the way in which the elastic-plastic deformations develop as 
the loads are gradually increased to the limiting intensity. Moreover, the 
final deformation depends on the sequence in which the various loads are 
brought on the structure and increased to their final values. Since, as a rule, 
this sequence is not known beforehand, the results of the indicated elastic- 
plastic analysis are of doubtful value unless all possible loading processes 
are considered to find the one that causes the most severe deformations. 
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Floor Aggregates 
By E. W. SCRIPTURE, JR., S. W. BENEDICT,¢ and D. E. BRYANT{ 


SYNOPSIS 


An investigation was undertaken to evaluate the influence of different 
aggregates on the wear resistance of concrete floors. Three types of mixes 
were used: one with 34-in. aggregate, representing a monolithic floor; one with 
3¢-in. aggregate, representing a two-course floor; and one with a fine aggre- 
gate, used as a dust coat. Ten different mineral and ground-iron aggregates 
were tested. An attempt was made to keep all variables except aggregates 
constant. These included workability, compressive strength, and method of 
finishing. Abrasion tests indicated that the relative hardness of mineral 
aggregates was not directly related to the wear resistance of the floor, or at 
least had comparatively little influence on this property. Similarly, the 
method of finishing, within the limits of the types of finishing used in this 
investigation, was only significant to a small degree. With a malleable-iron 
aggregate, however, marked differences in wear resistance from that observed 
with mineral aggregates were found. 


INTRODUCTION 


In many ways the floor in an industrial building constitutes the most 
vital and often the most vulnerable part of the building. When a floor must 
be repaired or replaced it is usually necessary to shut down operations, in 
whole or in part. For this reason the resistance to wear of industrial concrete 
floors is extremely important. 

Numerous papers have been published on methods of laying concrete 
floors, mixes to be used, and the materials which make up the mixes. There 
seem to be strangely few data, however, comparing different types of aggre- 
gate with other variables held constant. Morgan Klock! states only that the 
coarse aggregate should be clean, hard, durable and free from soft, thin, and 
deleterious particles. A report of ACI Committee 804,’ published earlier 
but based in considerable measure on the work of Klock, mentions the de- 
sirability of using silica, traprock, or granite but gives test data for silic¢ 
only, although in the discussion the author’s closure states that tests were 
made on iron-ore tailings, crushed quartz, silica sand, and traprock. Perhaps 
one of the most comprehensive papers comparing different aggregates as 
well as various other factors is that of Duff Abrams.* More recently, Schuman 

*Received by the Institute May 18, 1953. Title No. 50-18 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete InstiruTE, V. 25, No. 4, Dec. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Apr. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

tMembers American Concrete Institute, Vice-President in Charge of Research and Director of Research, 


respectively, The Master Builders Co., Cleveland, Ohio. 
tSenior Research Assistant, The Master Builders Co., Cleveland, Ohio. 
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and Tucker‘ published the results of an extensive series of tests covering 
various factors influencing wear resistance. In the discussion of aggregates 
in this paper it is stated: 


“Five slabs made with limestone or traprock aggregate showed somewhat greater 








This is probably due in part to the fact that the slabs with the crushed aggregates 

‘were more difficult to finish because of the irregular shapes of the aggregate particles, 

or required more mixing water in order that they might be finished satisfactorily.” 

In the conclusion of this paper it is simply stated: 

“The shape of the aggregate particles (rounded or angular) affects the amount of 

water required for ease of placing and finishing, and thus may affect wear resistance 

of the concrete as much as the abrasion resistance of the particles themselves.” 

It seems natural that the wear resistance of a concrete floor should be 
markedly affected by the type of aggregate used, especially by its hardness. 
Also, many claims have been made for one type aggregate or another with 
respect to the wear resistance of concrete floors. Except for Abrams, and 
Schuman and Tucker there appear to be few data on different aggregates in 
floor finishes. Abrams and Jackson and Pauls® deal with pavement surfaces. 
Duff Abrams remarks: 

“It appears that the wear of concrete is not so much dependent on the qualities of the 

coarse aggregate used in the wearing surface as is commonly supposed.” and “It may 

be stated that the wear of concrete is, in general, not materially affected by the quality 

of the fine aggregate so long as it is structurally sound, clean, and does not contain an 

excess of fine material.” 


Jackson and Pauls conclude: 

“That the rate of wear of concrete is, in general, not affected by the coarse aggregate 

provided the coarse aggregate is equal or superior to the mortar matrix in resistance 

to wear.” and “That excessive wear will result from the use of very soft stone as coarse 

aggregate even though used with a mortar of satisfactory quality.” 

This investigation was undertaken to compare most of the common aggre- 
gate types used or recommended for floors and to determine the influence of 
aggregate type on abrasion resistance, particularly as related to floor sur- 
faces, that is smooth trowel-finished surfaces. It was the object of this 
investigation to use different types of aggregates under as nearly identical 
conditions as possible, eliminating any other variables, and thereby confining 
results to the effect of aggregate type alone. 





PROGRAM 


The program involved the testing of three general types of concrete sur- 
faces; namely, the monolithic floor, the two-course topping-type floor, and 
the type of surface obtained by applying an aggregate-cement dust coat 
(shake) to a topping-type mix. Eleven different aggregates were selected. 
Some of these were used in all three of the different types of concrete surfaces, 
but others were employed in only one or two of the types as they were not 
suitable for all three or were not available in the necessary sizes. 

For the monolithic concrete floor surface, all aggregates had a 34-in. maxi- 
mum size and were graded to conform as nearly as practicable to the center 
of the ideal grading proposed by Gilkey. The concrete mixes were so pro- 
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portioned that they would have as nearly as possible equal workabilities, as 
well as equal compressive strengths. This was accomplished by designing 
all mixes by the Goldbeck method based on the physical characteristics of the 
aggregates. All mixes were made to a nominal 1-in. slump and were designed 
to have a compressive strength of 4000 psi at 28 days. Design of all mixes 
was with the same b/b, ratio, and except for the slag mix all had a nominal 
cement factor of 4.65 sacks per cu yd. The cement factor for the slag mix 
was 5.5 sacks per cu yd. For this part of the program, six different types of 
aggregates were used: slag, limestone, gravel, silica, granite, and traprock. 

For the topping mixes 34-in. maximum size aggregates were used, sieved to 
comply with the Gilkey ideal grading. The maximum amount of pea-gravel 
in the topping mix which would still give satisfactory finishing characteristics 
was determined by evaluating mixes having sand-aggregate ratios varying 
from 0.50 to 0.25. It was found that the mix having a sand-aggregate ratio 
of 0.35 contained the maximum amount of pea-gravel consistent with good 
finishing. Using this ratio as a basis, mixes were designed for the other aggre- 
gates by the Goldbeck method, holding the b/b, ratio constant. In these 
mixes a constant cement factor of 9.8 sacks per cu yd was used for all aggre- 
gates and the water content was held constant at 4.07 gal. per sack. A nominal 
slump of 1 in. was secured with each aggregate. 

Design of the dust-coat mixes was based on a standard procedure for the 
use of metallic aggregate. In this procedure 120 lb of iron mixed with 60 
lb of cement are applied to 100 sq ft of floor surface. For aggregates other 
than iron, the dust coats were designed to use a loose volume of the aggregate 
equal to the loose volume of the iron mixed with sufficient cement to give 
a mixed loose volume equal to the volume of 120 lb of iron mixed with 60 
Ib of cement. 

For all surfaces three methods of finishing were employed; finishing with 
a single-delayed steel-troweling operation, finishing with a double-delayed 
steel troweling, and a single troweling immediately after floating to remove 
laitance. 

Test methods and apparatus 

Abrasion tests were made with an apparatus (Fig. 1) patterned after that 
developed at the National Bureau of Standards.‘ Specimens were tested for 
abrasion after a five-minute skin test to remove laitance. The abrasion test 
was of 30-minutes duration. Specimens were profiled, using a micrometer 
bridge and a depth micrometer to the nearest 0.001 in., before and after the 
5-minute skin test and again after the completion of the 30-minute abrasion 
test. No. 60 silicon carbide grain was used as the abrasive. 

Specimens for the abrasion test were 12 x 12-in. slabs, 2 in. thick in the case 
of the monolithic and dust coat slabs and 1 in. thick for the topping slabs. 
Fig. 2 shows two typical test slabs after abrasion, one with a mineral aggre- 
gate and the other with an iron aggregate. Six slabs were made from each 
mix. Two of these were finished with a single-delayed troweling, two with 
a double-delayed troweling, and two with the single-immediate troweling. 
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All slabs were cured for 24 hr with 
a membrane curing compound applied 
as soon as they were hard, and then 
placed in the moist room for six days 
additional curing. At seven days the 
slabs were removed from the moist 
room and stored in the laboratory 
until tested for abrasion at 28 days. 
In the dust-coat specimens, the basic 
mix was a pea-gravel topping mix 
proportioned 1 : 114 :1% by weight. 
Specimens were prepared by applying 
the dust coats in two equal shakes, 
floating after each application, and 
then finishing by troweling as for the 
other specimens. 

Compressive strength tests were 
performed on 6 x 12-in. cylinders 
for the monolithic concrete and 2-in. 
cubes for the topping and dust-coat 
mixes. Compressive strength speci- 
mens containing the 34-in. aggregates 
were fabricated in 6 x 12-in. steel- 
cylinder molds with detachable ma- 
chined steel plates. For the smaller 
aggregates 2-in. cube specimens were 
fabricated in accordance with ASTM 
Designation C 190. All concrete 

Fig. 1—~Otediine' used tor mixes were made in a 3% cu ft tilt- 
abrasion tests ing-drum mixer. Consistency of the 
mixes with 34- and %%4-in. maximum 
size aggregates was determined with a 12-in. slump cone in accordance with 
ASTM Designation C 143. Specimens for the dust-coat mixes were made 
by adding sufficient water to produce a 2-in. slump with a 6-in. slump cone. 
All specimens were tested for compressive strength at 28 days using the 
curing procedure of ASTM Designation C 109. All compressive strength 
tests were made in a Baldwin-Tate-Emery hydraulic testing machine, 
300,000-lb capacity, equipped with three indicating ranges, 0 to 6000 lb, 
0 to 60,000 Ib, and 0 to 300,000 Ib. 
Materials 
Physical characteristics of aggregates used in this program were such’ as 
to give a wide range in hardness, brittleness, and shape although all of the 
aggregates have been used, at one time or another, in concrete floors. 
Aggregates are identified on the basis of mineralogical description in Table 1. 
Included are the source of the aggregate, particle shape, grain size, specific 
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Fig. 2—Typical test slabs after abrasion test. Specimen 1 contains mineral aggregate and 
specimen 2 iron aggregate 


gravity, absorption, and relative hardness. The relative hardness given is 
that found by the scratch test. Grading of the aggregates is from 1 (soft) 
to 4 (hard). The hardness on Moh’s scale, as found in published tables, is 
given in parenthesis. In many cases these values do not agree with the 
scratch test, which is to be expected since different aggregates of the same 
mineralogical class may have widely-varying degrees of hardness. For this 
investigation, the scratch test gives a better index of the hardness of the 
actual aggregates used than the published values. Aggregates in this table 
are arranged approximately in order of increasing hardness. 


In all mixes the same portland cement was used, complying with the re- 
quirements of ASTM Designation C 150 for Type I non-air-entraining cement. 
A local lake sand, complying with the various ASTM designations covering 
concrete sands, was used in all concrete and topping mixes. No sand was 
used in the dust coats. Results of physical tests of the cement and sand 
used were as follows: 


TABLE 1—CHARACTERISTICS OF AGGREGATES 





! Specific Absorption, | Hardness, 
Description and source | gravity percent scratch test 


Porous, angular, air quenched—local mill 
Crystalline, flat, angular, light grey—-Tennessee 
Limestone Angular, light gray—local quarry 

Gravel Smooth, round—local pit 

Silica Smooth, angular, light color— Maryland 

Emer Fine grained, angular, dark grey—New York 
Alundum Porous—Norton Company 

Granite Angular, coarse grained, reddish—New England 
Traprock Dense, prism shaped, dark grey— Pennsylvania 
Garnet Sharp, angular, brown-grey—Ontario 

Iron A Elongated particles—Canada 

Iron B Cubical particles—United States 


e 1 (5-6)* 

0.6 1 (6-7)* 
2 (3)* 

3 
3 (7)* 
3 (8)* 
3 (9)* 
4 (6)* 
4 (6-6.5)* 
4 (6.5-7.5)* 
Malleable 
Malleable 
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*Published Moh’s scale values. 








310 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1953 


Cement 
ASTM Type I — 7.2 percent entrained air, ASTM Designation C 185-49T 
Normal consistency — 24, ASTM Designation C 187-49 
Initial set — Gillmore, 234 hr, ASTM Designation C 191-49 
Final set — Gillmore, 5% hr 
Surface area ASTM Designation C 204-46T, 2930 sq cm per g 
Wagner equivalent, 1600 sq cm per g 
Compressive strength ASTM Designation C 109-49 
3 days, 1555 psi 
7 days, 2405 psi 
28 days, 4510 psi 
Sand 
Organic impurities Plate I, ASTM Designation C 40-33 
Screen analysis ASTM Designation C 136-46 
Percent retained on: 4 mesh— 3.0 
8 mesh—12.0 
16 mesh—27.0 
30 mesh—47.0 
50 mesh—82.0 
100 mesh—99.0 
Fineness modulus — 2.70 
Absorption — 1.5 percent, ASTM Designation C 128-42 
Specific gravity —- 2.60, Chapman flask method 
Screen analyses, unit weights, and percentage voids of all the aggregates 
are given in Table 2. 
RESULTS 


Mix data, compressive strength, and resistance to abrasion results are 
given in Table 3. In Table 4 abrasion results are given as the average of 
tests on all six slabs for each mix, since it does not appear, as discussed later, 
that differences in methods of finishing are significant. 


Significance of test results 

To study the significance of variations in the test data, two mixes were 
chosen, one with %%-in. traprock and the other with traprock used as a dust 
coat. Five sets of specimens for abrasion and compressive strength tests 
were made on successive days. Two specimens from each mix were abraded 
and six cubes were broken. The individual values for the abrasion specimens 
and the average values of the six cubes for each day were: 





: — 


34-in. traprock | Traprock dust coat 


Abrasion, in. | Compressive strength, psi | Abrasion, in. Compressive strength, psi 
0.0114 11,940 0.0095 12,110 
0.0117 0.0104 } 


0.0122 11,390 0.0114 12,470 
0.0133 0.0124 


0.0114 11,590 0.0130 12,130 
0.0130 | 0.0111 











0.0143 11,630 0.0101 12,160 
0.0113 0.0096 


0.0136 11,310 0.0099 12,530 
0.0101 0.0107 


0.01223 11,570 0.01081 























Aggregate 


Specification* 
Slag 
Limestone 
Gravel 

Silica 

Granite 
Traprock 


Specification* 
Marble 
Limestone 
Gravel 

Silica 
Granite 
Traprock 


Specificationt 
Marble 

Silica 

Emery 

Alundum 

Granite 

Traprock 

Garnet 

Iron (spiral borings) 


Iron (cubical borings) 


FLOOR AGGREGATES 


TABLE 2—AGGREGATE GRADINGS AND VOIDS 


| 
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| 

| 

| 


mword | 
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Co He HR CO Or 


92. 
.6 


Percent passing 


0 


= 


ff 


16 mesh 


100.0 
100.0 


lo in. 


WHMAOOS | 


Percent passing 


? | 
| 


te “IIo 


Percent retained 


| 30 mesh 


65-80 
68. 
70. 
77 
80. 
65 

73. 
69 

77 


71.0 


3<-in, maximum size 


_ 
Pwo Creo 


4 mesh 


Fine aggregates for dust coats 


4 mesh 


50 mesh 


90-100 
.O 


98 
94 
98 
97 
97 
99 
99 


99 


34-in. maximum size 


0 
0 


.O 
.O 
.0 
.0 
99.5 


5 
0 


Dry rodded 
weight, 
| Ib per cu ft 


70.8 

97. 
106. 
102. 

94. 
103.! 


Dry rodded 
weight, 
Ib per cu ft 


96 8 
94.6 
103.6 
97. 
84.5 
100 


Dry rodded 
weight, 
Ib per cu ft 


89. 
102. 
110 
71. 
93 .¢ 
101. 
123 
171.! 
182 


Voids, 
percent 


Voids, 
percent 


41.9 
42.0 
36.0 
40.2 
48.0 
45.5 


Voids, 
percent 


46.2 
37.1 
45.0 
52.7 
42.6 
44.7 
44.2 
58.4 
57.4 





*Gilkey ideal grading. 

tIdeal grading. 

A statistical analysis of variance involving all of the data for the 34-in. 
aggregates indicates that at the 0.01 probability level the differences in 
values between aggregates and methods of finishing have no significance. 
A similar analysis for the *4-in. aggregates indicates a high degree of sig- 
nificance for the differences between aggregates, between methods of finishing, 
and between the interaction of finishing 2iud aggregate. With the dust coat 
series, the statistical analysis shows some degree of significance for the 
differences between aggregate and between finishing but no significant relation 
between method of finishing and the individual aggregate. 

Considerable doubt, however, is cast on the significance of the differences 
between aggregates, for two reasons. First, the same aggregates in the three 
different series are placed in entirely different orders. For example, greatest 
resistance to abrasion in the 34-in. aggregate series is shown by gravel, with 
granite showing least resistance, and traprock an intermediate value. In 
the %%-in. series, gravel shows the least resistance to abrasion and traprock 
the most, with granite intermediate. Finally, in the dust-coat series, silica 
shows the highest resistance to abrasion and traprock the least. Second, in 
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FLOOR AGGREGATES 


TABLE 4—ABRASION AND STRENGTH 


Depth of abrasion, in. 28-day compressive strength, psi 
Aggregate npr -— 
34 in. | 3 in. | Dust coat | 3% in. 


Tasca ar | 


3% in. Dust coat 


Slag 0.018 3760 

Marble — 0.010 .013 11,180 

Limestone 0.021 0.008 4400 | 12,060 

Gravel 0.016 0.013 | 4410 | 10,260 

Silica 0.021 0.013 .009 3780 11,670 

Emery - .012 

Alundum } _— | .013 } - 

Granite | 0.023 0.008 O11 3890 | 11,410 

Traprock 0.018 | 0.007 | .014 3930 | 12,080 | f 
Garnet | - - .012 13,250 
Iron A | - .0027 10,590 
Iron B - .0027 10,645 
Iron A* .0023 12,835 
Iron B* .0026 12,915 


*Dispersing agent. 


the series with traprock made on five successive days, the order of traprock 
in the 3%-in. series and the dust-coat series of the original work is completely 
reversed. The traprock used in the second series was different from that 
used in the first, but was essentially the same in all of its physical character- 
istics. It would appear that the differences in the abrasion data within any 
one series, with the mineral aggregates, are not, if at all, highly significant. 

However, between 34- and 34-in. aggregate series and the dust-coat series, 
the statistical analysis shows a high degree of significance. 


DISCUSSION OF RESULTS 


For the monolithic concrete series, the finishing characteristics of the 
mixes containing the various types of aggregate were approximately equal. 
This bears out the conclusions presented by Talbot,’ that workability can 
be maintained constant by use of the same b/b, ratio, regardless of the particle 
shape and surface characteristics of the aggregates. Likewise, the finishing 
characteristics of all types of aggregates in the topping aggregate series 
were approximately equal, as would be expected from the fact that the b/b, 
ratio was constant for all mixes. Workability, as indicated by finishing 
characteristics of the dust coats, was similar for all aggregates. 

Approximately equal compressive strengths of about 4000 psi were obtained 
for all the mixes; the cement factor was the same for all mixes except the slag 
mix, which required additional water to produce the desired slump. All 
topping and dust-coat mixes had approximately the same strengths, around 
11,500 psi. 

Within the limits of significance of the abrasion test method, there appeared 
to be no significant differences in resistance to abrasion for the three different 
types of finishing: This holds for the concrete mixes, the topping mixes, and 
the dust coats. 

Again within the limits of significance of the abrasion test method, there 
is no correlation between strength of the concrete mix and resistance to 
abrasion, within any one group. This is necessarily the case since the vari- 
ations in compressive strength within the group are small, smaller than the 
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differences in abrasion results. Between the group of concrete mixes, having 
strengths around 4000 psi, and the topping mixes and dust-coat mixes having 
strengths around 11,500 psi (determined on 2-in. cubes, equivalent to ap- 
proximately 8500 psi on 6 x 12-in. cylinders), there appear to be significant 
differences in abrasion resistance. The average depth of abrasion for the 
concrete mixes (except slag) is 0.020 in., varying from a minimum of 0.016 
to a maximum of 0.023 in., whereas the average depth of abrasion for the 
topping mixes (except marble) is 0.010 in., varying from a minimum of 0.007 
to a maximum of 0.013 in. This amounts to a variation of 100 percent and 
corresponds to a variation in average compressive strength for the two groups 
of about 100 percent, namely, from an average of 4080 to 8500 psi. Since 
the topping mixes and the dust-coat mixes have very similar compressive 
strengths, it would not be expected that significant differences in abrasion 
resistance would be found. This is the case, as the topping mixes have an 
average depth of abrasion of 0.009 in. and the dust-coat mixes 0.011 in. for 
those aggregates tested in both groups. On the other hand, about the same 
difference in abrasion resistance of the dust-coat (excluding the metallic 
aggregates) and the concrete mixes is found as was obtained with the topping 
mixes. 

That there is a relation between compressive strength and abrasion re- 
sistance is in agreement with the conclusions of Abrams, who derived an 
expression for this relation 

A 
~ We 
Ss compressive strength 
Ww wear in the Los Angeles rattler test 


A and n = constants depending on the quality of the concrete and the method 
of test 


S 


Data reported here could probably be fitted to an equation of this type 
but the variations in strength are not uniformly distributed over a wide range 
since there are only two groups of strengths, one a medium-strength concrete 
and the other a high-strength mortar. Such a relation is not, however, in 
accord with the conclusions of Jackson and Pauls: “That neither the crushing 
nor the tranverse strength of concrete is a measure of its wear-resisting prop- 
erties.” It does appear that the experimental pavements of Jackson and 
Pauls involved a number of variables which would obscure any relation 
between strength and wear which might exist. 


Within the limits of significance of the abrasion-test method, there is no 
difference in resistance to abrasion with the different aggregates, that is, the 
resistance to abrasion is not related to the hardness of the aggregate. For 
example, in the concrete mixes slag, which is the softest aggregate tested, 
gives a resistance to abrasion equal to that of traprock, which is the hardest 
aggregate tested in the group. Similarly, the lowest resistance to abrasion 
in this group is given by granite, which is one of the hardest aggregates 
employed, and the highest resistance to abrasion by gravel, which is one of 
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the softer aggregates. The same appears to be the case within the group of 
topping mixes. Here, again, a relatively soft aggregate, limestone, gives the 
same resistance to abrasion as the hardest aggregate, traprock. Also, a soft 
aggregate, such as marble, gives greater resistance to abrasion than the 
relatively-hard aggregate, silica. 

Dust-coat mixes have been divided into two groups on the basis of the 
magnitude of abrasion test results. One group includes all brittle aggregates, 
showing a depth of abrasion of 0.01 in.; the second group includes the iron 
aggregates, showing a depth of abrasion of 0.003 in. There do not appear to 
be any significant differences in resistance to abrasion between aggregates 
of different hardness in the brittle and iron-aggregate groups. It may be 
of interest that the data from some limited earlier tests,* using an entirely 
different abrasion-test method, are of similar magnitudes and would lead to a 
similar conclusion. The results of these tests show 


Type of aggregate Depth of abrasion, in. 


Silica 0.008 
Marble 0.008 
Fused alumina 0.011 


Between the brittle and iron aggregates, the average resistance to abrasion 
is 0.011 and 0.003 in., respectively, a difference of 300 percent, which obviously 
is significant. 

Bird, in a discussion of a paper by Covell,® mentions the improved wear 
resistance of metallic aggregates. Ahlers, Lindon, and Bird!’ give some data 
on metallic-aggregate floors, but direct comparisons between aggregates are 
difficult as other conditions were varied at the same time in this test. A 
previous paper by the senior author'! of.this paper reported similar results, 
using an entirely different abrasion-testing apparatus. These were 





Metallic aggregate, - Depth of abrasion, in. 
Ib per 100 sq ft 


None 0.010 
60 0.003 
120 0.003 


Schuman and Tucker‘ secured similar data. With no dust coat, they show a 
total depth of abrasion of 0.021 in., with 30 lb per 100 sq ft of metallic aggre- 
gate 0.011 in. and, with 60 lb per 100 sq ft of metallic aggregate 0.006 in. 

Within the group of iron aggregates, differences in the abrasion resistance 
figures do not appear to be significant. In the compressive strengths, how- 
ever, there is a definite difference between the iron aggregates alone and the 
iron aggregates with a dispersing agent. That this difference is not reflected 
in the abrasion results merely indicates that the abrasion test is not sufficiently 
sensitive to respond to a difference in compressive strength amounting to 
about 20 percent. 








JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1953 


CONCLUSIONS 


1. There is no relation between the hardness of the aggregate and resistance to abrasion. 
This is in agreement with the conclusions of Abrams* and of Jackson and Pauls.§ 

2. All brittle aggregates in a given type of mix, with approximately the same compressive 
strength, give the same resistance to abrasion. 

3. Abrasion resistance increases with increasing compressive strength, but the test used 
in this work does not distinguish between small differences in strength. This is exemplified 
by the average results on topping mixes and concrete mixes. 

4. Topping mixes and dust coats give approximately the same abrasion resistance. For 
example, the average resistance to abrasion of the silica, granite, and traprock mixes is 0.009 
in. for the topping mixes and 0.011 in. for the dust coats, which is not a significant difference. 

5. Most of the differences in abrasion resistance for brittle aggregates, within a given type 
of mix of approximately the same strength, can be accounted for by variations in finishing, 
inaccuracies of the test method, and variations in conditions, for example curing. 

6. Malleable-iron aggregate has an abrasion resistance entirely different from that of 
brittle aggregates. Iron aggregates, although relatively soft, show about 400 percent greater 
resistance to abrasion than brittle aggregates. 
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Disc. 50-18 


Discussion of a paper by E. W. Scripture, Jr., S. W. Benedict, and D. E. Bryant: 


Floor Aggregates» 


By JAMES E. BACKSfROM, C. F. MOHR, and AUTHORS 


By JAMES E. BACKSTROMt 


In general, results of tests performed on nonmetallic aggregates in the 
laboratory of the Bureau of Reclamation on the abrasion resistance of con- 
crete agree with those reported by Messrs. Scripture, Benedict, and Bryant. 
This is true even though methods of test and abrasive mediums were different 
from those used by the authors. In the Bureau tests, it was found that the 
shot-blast,' steel ball,? and high velocity water jet (cavitation)* methods gave 
losses in the same order, the only differences being in magnitude. 

Witte and Backstrom of the Bureau! reporting on an extensive series of 
shot-blast abrasion tests involving concretes containing six different per- 
centages of air for each of 11 water-cement ratios (0.43 to 0.70) concluded, 
as did the authors of the paper under discussion, that for a given aggregate, 
“compressive strength is the most important factor controlling the abrasion 
resistance of concrete; abrasion resistance increasing as compressive strength 
increases.”” They also reported that small changes in compressive strength 
were reflected in the results of the shot-blast tests for concretes having com- 
pressive strengths of less than 4000 psi but that the test was not sensitive 
to small changes for concretes having strengths in excess of 4000 psi. These 
data show that if the abrasion resistance developed by 810-psi concrete is 
assumed as unity, then relative abrasion factors of 2, 4, 8, and 16 are obtained 
with the same aggregate at strengths of 1600, 3200, 5700, and 7600 psi, 
respectively. 

Results from a recent series of steel-ball abrasion tests including ten fatural 
(water-worn) and crushed aggregates and combinations of these in floor 
topping concretes having water-cement ratios of 0.32 and 0.36 indicate that 
for a particular combination of fine and coarse aggregate, abrasion resistance 
varies directly with compressive strength. Two relatively soft limestones 
used in this series developed uniformly poor resistance to abrasion even 
though one of the limestones produced the highest strengths of the group 
tested. The abrasion resistances of concretes made with comparatively hard 
natural and crushed basalt and granite aggregates were relatively high with 
only slight differences shown in the results although the strengths developed 


*ACI JourNAL, Dec. 1953, Proc. V. 50, p. 305. Disc. 50-18 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
tSupervisory Materials Engineer, Bureau of Reclamation, Denver, Colo. 
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varied from 6700 to 11,300 psi. Apparently no correlation exists between 
the abrasion resistance of high-strength concretes containing all hard or all 
soft aggregates and concretes made with a mixture of these aggregates. A 
mixture of soft fine aggregate and hard coarse aggregate, or a mixture of soft 
coarse aggregate and hard fine aggregate may produce concrete of compara- 
tively high or low abrasion resistance. 

Investigations are continuing using the same ten aggregates mentioned 
above in weaker concretes to evaluate the effect of aggregate quality on 
abrasion resistance of average strength (3000 to 5000) concretes. Results 
now available show that in the range of 3000- to 5000-psi concrete the hard- 
ness of coarse aggregate significantly influences the abrasion resistance. 

Other limited data indicate that for a given good quality aggregate as 
the percentage of coarse aggregate is increased the abrasion resistance is 
increased. 


REFERENCES 


1. Witte and Backstrom, ‘Some Properties Affecting the Abrasion Resistance of Air-En- 
trained Concrete,” Proceedings, ASTM, V. 51, 1951. 

2. Davis, R. E., “Proposed Method for Testing Resistance of Concrete to Abrasion in Steel 
Ball Machine” (unpublished). 

3. Price, W. H., “Erosion of Concrete by Cavitation and Solids in Flowing Water,’’ ACI 
JouRNAL, May 1947, Proc. V. 43, p. 1009. 


By C. F. MOHR* 


The writer would like to take exception to some of the test results reported 
which indicate that trap rock does not resist wear better than softer aggre- 
gates. In their conclusions the authors state that there is no relation between 
the hardness of the aggregate and resistance to abrasion, and that malleable 
iron aggregates show about 400 percent greater resistance to abrasion than 
the brittle aggregates in which trap rock is included. This is contrary to 
field experience reported in our files. 

It is believed that results obtained from the testing machine used by the 
authors are erroneous because it does not measure impact, only abrasion 
under a light uniform rubbing motion, which seldom occurs under actual 
service conditions where there is a combination of impact and abrasion. 
Such wear can be measured effectively by the Los Angeles rattler test— 
where trap rocks, the basic igneous rocks such as basalt, diabase, and gabbro, 
show much lower wear than slag, marble, limestone, granite, and silica 
aggregates. T 

The writer agrees with the authors’ conclusion that abrasion resistance 
increases with the increase in crushing strength of concrete. 

To produce a heavy-duty, wear resistant concrete floor, many contractors 
in this area use a no-slump concrete, vibrated and machine finished, using a 
trap rock aggregate with a high crushing strength and no admixture. The 


*Research Engineer, Kingston Trap Rock Co., Kingston, N. J. 
t‘Results of Physical Tests of Road Building Aggregates,"” U. S. Bureau of Public Roads, 1953, p. 10. 
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hard tough aggregate functions to produce a high crushing strength concrete. 
It is, of course, necessary that first class workmanship, mixing, finishing, 
and curing be used. 

A typical trap rock, from around Lambertville, N. J., listed as diabase or 
gabbro, has shown up well in tests. Research Paper No. 1320, National 
Bureau of Standards, Aug. 1950, lists test results on 116 samples of granites 
including trap rock or black granite, listed as gabbros and basalts, from 
various parts of the United States. The Lambertville gabbro (pp. 176 and 
185 of the report) showed the highest average crushing strength, wet and 
dry, of 43,350 lb on 2-in. cylinders—more than twice that of most granites. 

Such results are confirmed by actual service performance, a few typical 
examples of which are mentioned below. 

In the Philadelphia metropolitan area, where the earliest portland cements 
were produced in the United States, some of the first concrete sidewalks 
were laid on a large scale in the central city section. Many of these old 
sidewalks are 40 and more years old and still in service. The only aggregate 
produced on a large scale at that time was trap rock which was used exclusively 
for railroad track ballast (and is still used in this area for heavy-duty track 
ballast). The smaller sizes of either basalt, diabase, or gabbro were screened 
out for concrete sidewalks. In the area surrounding City Hall in central 
Philadelphia, the old part of the city, these sidewalks are easily identified 
because it is the only dark aggregate used and of irregular shape. 

The following is a typical report. Chestnut Street (north side between 
Broad and 13th Street) is said to carry the heaviest concentration of foot 
traffic in the city. The section alongside the Weidner Building was laid in 
1914 using trap rock. The adjoining sidewalk using Delaware River gravel 
was laid in 1932. Both sections were done in first class workmanship. An 
inspection shows the trap rock section worn smooth and even because all 
particles are of uniform hardness. The gravel surface, with 18 years less wear, 
shows much wear in the center section where most walking occurs. It is rough 
and uneven, the hard quartz particles extending above softer sandstone and 
other types of rock in the gravel. Such an uneven surface would create rapid 
wear due to impact of moving wheel loads in an industrial floor. 

With few exceptions no trap rock sidewalks were laid after about 1925 
when gravel, slag, and limestone replaced the higher priced trap rock. All 
these softer aggregate sidewalks show much more wear than the harder trap 
rock sidewalks. The trap rocks were diabase, gabbro, and basalt with a 
Los Angeles rattler loss of 13-16 percent, limestones and slags with 35-50 
percent Los Angeles rattler loss, and gravel about 25-35 percent loss according 
to Pennsylvania State Highway Department tests. 

Should one wish to compare wear of concrete surfaces subjected to wheel 
loads instead of foot traffic, two examples follow. In Upper Darby of sub- 
urban Philadelphia, 69th Street from West Chester Pike to Chestnut Street 
was a job mix laid in 1927. The contractor had truck loads of trap rock and 
limestone delivered to the mixer and placed at random. The limestone had 
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about twice the Los Angeles rattler loss of the trap rock. Using a straight 
edge, the limestone spots of the pavement are worn | to 2 in. lower than the 
trap rock sections. Another example is Route 1, Baltimore Pike, beginning 
at Cobbs Creek City and going south into Delaware County. The west side 
of the pavement was Morrisville-Delaware River gravel; the east side was 
a diabase trap rock with about one-half the Los Angeles rattler loss. Both 
sections were placed about 25 years ago by the same contractor. The gravel 
concrete has worn rough and uneven 2 to 3 in. more than the trap rock sections. 


The performance of aggregate under these conditions is also applicable to 
heavy-duty floors, where it is important that the surface have a high resistance 
to wear and that the surface will wear smooth and even. It is the coarse 
aggregate that determines the rate of wear. 


AUTHORS’ CLOSURE 


The discussions by Messrs. Backstrom and Mohr are appreciated. 

It is gratifying to learn that the results of tests on nonmetallic aggregates 
conducted by the Bureau of Reclamation agree with those of the authors, 
particularly in view of the fact that the methods of conducting the abrasion 
tests were different. 


With reference to Mr. Mohr’s belief that the results are erroneous because 
the testing machine used does not measure impact, the abrasion machine 
was essentially identical to the machine developed by the National Bureau 
of Standards for the evaluation of the abrasion resistance of floors as de- 
scribed in the paper and in reference 4 thereto. The results obtained by the 
authors with metallic aggregates are in accord with the National Bureau of 
Standards data. Mr. Backstrom shows in his discussion that this type of 
abrasion (his steel ball apparatus) correlates well with other types such as 
shot-blast and high velocity water jet (cavitation), which do involve impact. 

Mr. Mohr, early in his discussion, states that certain conclusions of the 
authors are contrary to field experience reported in his files. It is not clear, 
however, whether he refers to the conclusion that there is no relation between 
the hardness of the aggregate and resistance to abrasion, or the conclusion 
that malleable iron aggregates show about 400 percent greater resistance to 
abrasion than brittle aggregates, or both. He cites no data or field experience 
having to do with iron aggregates. It seems obvious that the particular 
property of iron aggregate which causes it to resist abrasion or impact is 
malleability. It is suggested that aggregates without this property will 
resist abrasion to an extent which presumably is some function of their hard- 
ness, or perhaps more accurately their brittleness, but once this resistance is 
exceeded, particularly with respect to impact, their resistance immediately 
drops to essentially zero, 7.e., they become dust. The same supposition would 
apply to the mortar. Malleable iron, on the other hand, to a degree far 
greater than a nonmalleable material, tends to flatten under impact or smear 
under abrasion and, in some cases at least, thereby extends over and protects 
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the mortar. This supposition should not, of course, be carried to the point 
where any lessening of the quality of the mortar should be tolerated. 


The authors’ paper reports results on relatively high strength mixes, 4000 
psi for the monolithic slabs and 11,500 psi for the topping mixes and dust coats, 
such as would be used for high quality floors. That somewhat different 
relations might exist, as is suggested by Backstrom, for low strength mixes 
seems quite probable. With a low strength mortar the harder aggregates 
might well afford some protection to the mortar under certain types of wear. 


With respect to the service records cited by Mr. Mohr, while the ‘‘proof 
of the pudding is in the eating,” it is practically impossible to draw any firm 
conclusions from miscellaneous field installations. The conditions from one 
installation to another are seldom comparable. Sidewalk and highway 
pavements are normally quite different from floors and floor toppings, both 
with respect to the type of wear or abrasion to which they are subjected and 
particularly with respect to exposure to weathering. Floors are seldom sub- 
jected to weathering, whereas the field installations in Pennsylvania cited 
by Mr. Mohr almost certainly were exposed to rather severe weathering 
during the winter seasons. It is suggested that the good and poor conditions 
of the pavements are a reflection of their ability to resist weathering rather 
than to resist abrasion. 

If a pavement has been damaged by frost action it, of course, will have 
poorer abrasion resistance. There is no doubt that a good pavement can be 
made with trap rock or almost any other aggregate of reasonable quality. 
It is also possible to lay a poor pavement with trap rock or any other aggregate. 

The type of abrasion which a concrete surface must resist varies greatly 
with the service conditions to which it is subjected. The design of the con- 
crete or topping should be based on the particular conditions. Pavements 
such as highways, which are primarily subjected to rubber tire traffic; sidewalks 
subjected primarily to foot traffic; spillways or conduits subjected to the 
scouring action of sand and gravel and sometimes to cavitation; and 
industrial floors subjected to the action of steel tires and the dropping of 
heavy objects, should be designed quite differently for best performance. 
The paper under discussion primarily was concerned with the latter condition 
and it was with this particular condition in mind that the tests were made 
and the conclusions drawn. 

Results of the investigations now in progress by Mr. Backstrom are awaited 
with interest. The authors would be greatly interested also in any specific 
data in the possession of Mr. Mohr with respect to the relationship between 
the hardness of aggregates and resistance to abrasion, or comparable data on 
the resistance to abrasion of malleable iron aggregates and brittle aggregates 
in connection with their use in floors. 
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Validity of Certain Assumptions in the Mechanics 
of Prestressed Concrete’ 


By GROVER L. ROGERST 
SYNOPSIS 


Validity of certain assumptions of structural mechanics applicable to the 
analysis of prestressed concrete structures is discussed. Results of field 
tests conducted in France indicate that the calculated load causing the first 
tensile crack (based on ordinary elasticity theory) in a prestressed concrete 
slab may be only one-fifth to one-sixth the actual load. This difference has 
been accredited to the inapplicability of the assumptions of isotropy, homo- 
geneity, and elasticity as employed in the theory of elasticity to prestressed 
concrete slabs. As a result of these tests new concepts have been suggested 
as a possible basis for a more realistic theory. 

Analytical and experimental results of a test conducted on a laboratory 
model of a slab prestressed in two directions show that the assumptions and use 
of the theory of elasticity are indeed adequate. The load causing the first 
tensile crack was found to be within a few percent of the load predicted using 
elastic theory. Such agreement indicates that the discrepancies between 
theory and practice must be attributed to other causes rather than inherent 
errors in the theory of elasticity. 

While the reasons advanced for the discrepancies in the French tests are 
not valid, the fact they did occur must not be overlooked. 


INTRODUCTION 


Mathematical formulation of problems in structural engineering must of 
necessity be based on simplified assumptions. Usually, these are found to 
be in excellent agreement with laboratory test data and field observations. 
In other instances, assumptions employed are found to give only an approxi- 
mate picture of the structural behavior of the member, but for want of better 
and simpler design methods they continue to be used. A current example 
of this is found in elastic design used in reinforced concrete where the material 
is considered to be a perfectly elastic substance within its design range. 
The assumption of an “elastic subgrade modulus” in highway design is a 
case where an assumption is employed that is known to give only an ap- 
proximate analysis in pavement design, but it is accepted as a convenient 
practical approach to the problem. In either case, it is the responsibility of 
engineering research to be on the look-out for means of improving design 
analyses through revisions of assumptions known to be approximate. 


*Received by the Institute Aug. 28, 1952. Title 50-19 is a part of copyrighted JourNat or THE AMERICAN 
Concrete InstiTuTE, V. 25, No. 4, Dec. 1953, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Apr. 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

t+tMember American Concrete Institute, Associate Professor of Structural Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va. 
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At the First International Congress on Prestressed Concrete which met 
in 1951, Eugene Freyssinet had several important comments to make on this 
general subject in connection with the behavior of highly-indeterminate 
structures, such as prestressed two-way slabs.* Tests conducted in France 
had shown that the load causing the first tensile crack may be five to six 
times the calculated load using present methods of analysis. It was Freys- 
sinet’s conclusion that this difference could only be attributed to errors in 
basic assumptions in the theory of elasticity, and, therefore, this theory must 
be replaced by one that considers the material more in the light of what it 
actually is—a complex elasto-plastic substance whose behavior is largely 
affected by its thermal and hygrometric properties. 


Assumptions of isotropy, homogeneity, and perfect elasticity on which the 
theory of elasticity is based are among the most respected in structural 
analysis, for they have proved to be sufficiently valid for the majority of 
modern materials as long as the stresses do not exceed the elastic limit. In 
ordinary reinforced concrete, and even in the simpler forms of prestressed 
construction such as simple and continuous beams, analysis based on these 
assumptions has accurately predicted loads which produce cracking. Since 
these assumptions play an important role in present-day design, it is im- 
portant that proper significance be given to the fact that they should be 
considered obsolete in certain prestressed concrete structures. Our present 
theory of elasticity must be subjected to closer scrutiny, and by comparing 
analytical with test results see if it really is in error for such structures as 
Freyssinet described. 


It is the purpose of this paper to present results of a mathematical investi- 
gation of a simply-supported two-way slab, and to compare them with ex- 
perimental data obtained in actual tests. Such a slab typifies the class of 
highly-indeterminate prestressed structures mentioned by Freyssinet. Test- 
ing under laboratory conditions was initiated so as to yield conclusive evidence 
pertaining to the validity of the theory of elasticity in analyzing this type 
of structure. 


SLAB DESCRIPTION 


The slab constructed in the laboratory (Fig. 1 and 2) was square with a 
clear span of 10.5 ft (320 cm) and was 2.76 in. (7 cm) thick. The mathematical 
definition of a simply supported boundary—complete freedom of horizontal 
translation, freedom of rotation, and prevention of vertical uplift of the 
corners—was realized by the use of steel rollers 1.58 in. (40 mm) in diameter 
placed between identical bearing plates 0.79 x 3.94 in. (20 x 100 mm) which 
extended along the entire side of each slab (Fig. 2). The lower steel bearing 
plate was supported on a concrete foundation 7.89 in. (20 em) wide and 29.55 
in. (75 em) high. An overhang of 5.91 in. (15 cm) at each end provided 
sufficient bearing area for concrete pedestals placed at each of the corners for 

*Freyssinet, E., ‘““Importances et Difficultes de la Mechanique des Betons,” Proceedings, First International 


Congress on Prestressed Concrete, Ghent, Belgium, 1951. See also the English translation in Magazine of Concrete 
Research, No. 8, Cement and Concrete Assn., Great Britain. 
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Fig. 1—Details of slab. All dimensions in millimeters 


carrying heavy laboratory weights. These were for preventing uplift, and 
amounted to 4400 lb (2000 kg) at each corner (upper right corner in Fig. 1). 
The overhang also provided bearing for the steel bearing plate above the 
rollers, as well as increased working space during prestressing operations. 
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Fig. 2—Details of slab and roller support. All dimensions in millimeters 


Total clearance of the slab above the floor was 32.70 in. (83 em) which was 
ample for observation during testing. 

Following construction of the forms, thin metallic sheaths such as are 
commonly employed in the electrical industry were installed as passageways 
for the prestressing cables. To insure that the resultant prestressing force 
would act at the mid-plane of the slab, sheaths were arranged in the form of 
a large grid. Large sheaths 0.95 x 0.51 in. (24 x 13 mm) were placed in the 
mid-plane of the slab and spanned the slab in one direction on 5.91-in. (15- 
cm) centers. Smaller sheaths 0.24 x 0.75 in. (6 x 19 mm) were placed in two 
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layers, one above and the other below the mid-plane, and spanned the slab in 
the other direction at the same spacing as the large sheaths. The large 
sheaths were designed for four 0.20-in. (5-mm) wires while the smaller sheaths 
carried two 0.20-in. (5-mm) wires each. 

A few days after placing concrete for the slab, side forms were removed 
and 2.76 x 3.55 x 0.315-in. (7 x 9 x 0.8-cm) steel bearing plates were cemented 
to the exposed sides of the slab for distributing the prestressing forces which 
would bear on the concrete. 


The slab was designed to carry two concentrated loads, each uniformly 
distributed over a 11.82 x 11.82-in. (30 x 30-cm) area. Each bearing area 
was located on the axis of symmetry of the slab at 0.2 clearspan = 25.1 in. 
(64 cm) from the slab center. Loads were transmitted to the slab by hydraulic 
jacks which rested on concrete block 11.82 x 11.82 x 6.30 in. (30 x 30 x 16 cm) 
which in turn rested on felt pads 0.39 in. (10 mm) thick. The thickness of the 
block was considered sufficient to insure a uniform distribution of load on 
the slab, while padding was used to reduce possibility of stress concentrations. 

Particular attention is called to the upper right-hand corner of the slab (Fig. 
1) which shows the pedestal installed to carry laboratory weights used to resist 
uplift. 


MATHEMATICAL ANALYSIS 


Mathematical analysis of this problem is based on the general discussion 
given by Timoshenko* in his work on simply-supported rectangular slabs. 
In this analysis, a square slab loaded over square areas is assumed (Fig. 3). 
It is assumed that the deflection function of the slab is given by the sum of 
two component functions, w = w,; + we. 


The first of these, wi, represents deflection of a strip equal to the width 
of the loaded areas and passing along the z-axis of the slab (the axis of sym- 
metry of the slab and loading). It is necessary that the function w, satisfy 
the conditions of simple support at the ends of the strip, and the Lagrange 
equation V 4; = p(zx)/D at all points along the strip. The term D is the 
flexural rigidity of the slab and is equal to Eh?/12(1 — 2y?). 

The second component, w2, must be chosen in such a manner that it satisfies 
the Lagrange equation for p(x) = 0 and also that the sum w satisfies all 
necessary boundary conditions for the slab. The deflection w,; can be ex- 
pressed as a trigonometric series 


mar 
> =i 
m=1,2 

where the coefficient a, depends upon the nature of the loading and a is the 
slab span. 

Symmetry of the loading with respect to the z-axis allows the additional 
deflection wz to be chosen such that the sum w is given by 

*Timoshenko, 8., Theory of Plates and Shells, McGraw-Hill, 1940, pp. 146-156. 
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Fig. 3—Idealized slab for 
mathematical analysis 
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If the strip were loaded with a single concentrated load, the deflection would 


assume the form (x = £ is the load point)* 
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2P a’ 1 . mrt. mr 
w= — sin sin 
D x* m4 a a 


m=1 





For a loading uniformly distributed over certain sections of the strip, 
it is permissible to replace the load P by a differential load gd~ and obtain 
the deflection by integrating over the length of the loaded strip. The deflection 
equation in this case would assume the form 


an a (c+ 6/2) (l1—c + b/2) 
3 mmé mamé 
~~ = ae ag, OEP Siu evn faa dé 
D x‘ m4 a a sd 


m= 1,3,5 a (c— b/2) a (l—ec — b/2) 


which after expanding and clearing becomes 


8qa‘t . ._ mab. marx 
w= ——— sin m rc sin sin 
D x*> m5 2 a 
m=1,3 


Comparing this with Eq. (1) it is seen that 





8qat_ . ._ mrb (3) 
an = ee hy op acd bin Ab 6 ape aia sw ovband r 
D x*> m*® a 


*Timoshenko, S., Theory of Plates and Shells, McGraw-Hill, 1940, p. 143. 
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Using the general results given by Timoshenko, it can be shown that for this 
problem the coefficients Am and B, in Eq. (2) reduce to 
r 
An = — = lars (am — 2 ¥m) + Ym sinh (am — 2 Ym) + am oe 
(4) 


cosh am 2 cosh am 


Bn = a aoe [cosh (am — 2 ym)] 


2 cosh am 


where 


mab d Mm 3 
_n = and an = — 


For values of m greater than 3, one may considerably simplify the above 
expressions since tanh a» ~ 1 and sinh 2y»/2 cosh’an = 0. 

Expressing the terms cosh 2ym and sinh 27m in terms of their equivalents in 
e? and e~* 

Am = —Gm(1 + Ym) e~?™ 


and 


e —2ym 


Bu = Om 
2 


The expressions for the bending moments are 
M, = — D (wee + vy) and M, = — D (wyy + vwez) 


Differentiation of the deflection function is simplified by keeping it in terms 
of the constants am, Am, and Bp. Successive differentiation followed by 
equating the value of y to 0 yields the expressions for the variation of bending 
moment along the z-axis 


m? x? , 
M, = D > = E + (1 —v) Am — 2p Ba | sin — = 
a? a 


m=1,3 


and 
ao 


tod r SS: » Gn + (1 —») Aw + Ba | sin ——— 
a* a 


m=1,3 

Eq. (6) may be readily evaluated by using the coefficients as given by Eq. 
(4) for values of m equal to 1 and 3 and Eq. (4a) for values of m from 3 to 
infinity. Actually, a few terms will yield results accurate enough for most 
problems. This is also true for deflection along the x-axis. 

In this analysis, bending moments have been calculated for « = 0.25a, 
0.30a, 0.35a, 0.40a, 0.45a, and 0.50a. The deflection has been calculated 
for the center of the slab only, y = 0 and x = 0.50a. 

These equations may be checked by considering the special case of a slab 
with a uniformly distributed load. This would be the case when c = 0.5, 

= 1, and q = q’/2. The intensity of load would be equal to qg’. Bending 
moments and deflection at the center are known for such a case. 

Once bending moments have been determined, normal stresses may be 
found by 
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12 M.z 12 Myz 
= he and 8s, = ha 
where z is the distance from the mid-plane of the slab to the fiber in question. 
For a solid section and the outer fiber, z2 = h/2. For a solid section h is the 
total depth of the slab, but for a nonsolid section it must be considered as 
only an equivalent depth which has the same flexural rigidity as the section 
under consideration. Fig. 2 and 3 show that the large sheaths are located 
in the direction parallel to the z-axis. If a cross section parallel to the z-axis 
is considered, it is seen that there is a centrally-located opening of uniform 
width the entire width of the slab plus smaller openings, above and below 
the central opening, which occur every 5.91 in. (15 em). These are openings 
for the prestressing cables in the other direction. The value of the equivalent 
depth h for this section is based on a typical section of 5.91 in. (15 em) and is 
calculated, in centimeters, as follows: 

15 x 7? — 13.1 XK 1.33 — 1.9 X 2.53 

15 

Considering cross sections normal to the z-axis, it is seen that an average 
section, in this case, has no meaning. A point on the z-axis either lies in a cross 
section in the plane of the pair of small sheaths or else in a plane interrupted 
by single cut outs which serve as openings for the large sheaths. In calcu- 
lating stresses on these cross sections, consideration must be given to the 
openings in the slab. Fig. 2 and 3 reveal that only the point at the center 
x = 0.5a lies on a cross section in the plane of a pair of small sheaths. All 
other points lie on cross sections cut by openings for the large sheaths. For 
the point at the center, the equivalent depth h may be calculated, in centi- 
meters, as follows: 

15 X 73 — 15 X 2.53 + 12.6 X 1.33 | 
15 


Sz 





= h? orh = 6.974 cm (2.75 in.) 





h? andh = 6.905 cm (2.72 in.) 


For the other points on the z-axis 
15 X 73 — 24 X 1.33 | 

15 i 

With these values for the equivalent depths of section, normal stresses 


acting along the z-axis may be determined. Values for bending moments 
and normal stresses are given in Table 1. 





h? andh = 6.998 cm (2.76 in.) 


Given the equations for normal stresses at certain points along the z-axis, 
the problem of estimating the load which will cause the first crack still remains. 
Table 1 indicates that the first crack is most likely to occur directly under the 
loaded area, that is, at x = 0.30a and parallel to the z-axis. The normal 
stress s, is therefore the critical stress. If s; is the maximum tensile stress 
the concrete can withstand as measured by tests on small concrete prisms 
in bending and s, is the imposed prestress on the concrete, then at the load 
which should cause cracking sy + s, — 8» = &. Stress in the y-direction is 
sy, and s, is the stress due to the uniform dead weight of the slab. At x 
0.30a, s, may be closely estimated by considering that the distribution 
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| 





TABLE 1—BENDING MOMENTS AND NORMAL STRESSES ALONG THE X-AXIS 


0.254 0.30a 0.354 | 0.45a | 0.50a 


0.2281P 0.2671 0.2384 , | 0.1453 0.1342 
0.2592P 0.2955 0.2912 : | 0.2422 0.2360 
0.0280P 0.0327 0.0292 | 0. | 0.0178 0.0171 
| 0.0321P 0.0366 0.0361 | 0. | 0.0300 | 0.0292 











*All moments and stresses given as function of P. , 
M:z and M, are given in kg-cm per cm and sz and s, are given in kg per sq cm when P is given in kg. 





stress along the x-axis is parabolic for a uniform load; the maximum at the 
center being computed from the value given by Timoshenko for the bending 
moment at that point, 0.0479 ga*. If the weight of the concrete and steel g 
is 155.72 lb per cu ft. (2500 kg per cu em) and the distance a is 126.1 in. (320 
cm), then the bending moment at the center is 188 ft-lb per ft (85.75 cm-kg 
percm). A parabolic distribution of bending moment requires that the bend- 
ing moment equal 158.64 ft-lb per ft (72.11 em-kg per cm) at the point of 
loading (using 0.84 xX moment at center). At that point the equivalent 
depth is 2.75 in. (6.974 em). From this normal stress is found to be 126.75 
psi (8.93 kg per sq cm). The value of the prestress imposed on the section 
is found by dividing the total force on a unit section, resulting from four 
0.2-in. (5-mm) wires stressed to 141,935 psi (100 kg per sq mm), by the effective 
area of the section which in this case, in centimeters, is 15 K 7 — 13.1 X 1.3 
— 1.9 X 2.5 = 83.22 sq cm (12.9 sq in.). This yields a prestress of 1339.63 
psi (94.38 kg per sq cm). The equation for determining the maximum load 
for cracking then becomes (in kilograms per square centimeter) 
0.0366 P + 8.93 — 88.72 = s, 
where 88.72 is 0.94 (94.38) which assumes an allowance of 6 percent loss due to 
creep. 
TEST PROCEDURE 


Since the purpose of this test was to see how accurately the load causing 
the first tensile crack to occur in a two-way prestressed slab could be predicted, 
it was essential that every precaution be taken to insure that when such a 
crack did occur it would be promptly detected. Electric strain gages were 
placed over regions of anticipated high-tensile stress assuming that the first 
crack would be accompanied by abrupt changes in strain gage readings with 
relatively small changes in load. Other gages were located, to check calcu- 
lations made previously, at the bottom of the slab at x = 0.30a, 0.40a, 0.45a, 
and 0.50a for measuring strains in both principal directions. At the top of 
the slab, gages were placed at the center as well as near the mid-points of tao 
of the sides. 

Deflectometers were installed at the center and the four corners of the 
overhanging portions of the slab. These were read at regular intervals until 
rupture occurred. 

The slab was prestressed at 17 days. Compression tests on 3.94-in. (10-cm) 
cubes gave values of 6274 psi (442 kg per sq cm), and tests on 7.88-in. (20-cm) 
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cubes gave results of 5323 psi (375 kg per sq cm). A stress of 141,940 psi 
(100 kg per sq mm) was applied to each of the prestressing wires with the 
exception of cables directly over the lines of support of the slab. Total force 
for these was one-half that applied to cables on the interior of the slab. Strain 
gage readings during prestressing were irregular for gages near the edge of 
the slab, but those at the center of the top of the slab were in good agreement 
with analytical calculations. At 28 days the compressive strength of the 
concrete was 7026 psi (495 kg per sq cm) as measured on 3.94-in. (10-cm) 
cubes and 6458 psi (455 kg per sq cm) on 7.88-in. (20-cm) cubes. 

At 37 days, a load was applied for checking mathematical calculations 
while concrete stresses were definitely within the elastic range. The slab 
was slowly loaded up to 2200 lb (1000 kg) at each loadpoint, and then un- 
loaded; this same load was then rapidly applied and removed. The next 
day the load was increased to 4950 lb (2250 kg) and then removed rapidly, 
reapplied and removed again. This was considered to be the service load; 
the load causing zero stress at the point of critical stress. Immediately after 
this loading another load was applied slowly up to 8800 lb (4000 kg) and 
then removed. Loading ceased at 8800 lb (4000 kg) because large changes 
in strain readings were observed over the 550-lb (250-kg) increments of 
loading. Visual inspection of the bottom of the slab-revealed fine cracks 
between 8250 and 8800 Ib (3750 and 4000 kg). The first large changes in 
strain readings were recorded between 7700 and 8250 lb (3500 and 3750 kg). 
Between 8250 and 8800 lb (3750 and 4000 kg), two of the strain gages failed. 
At 47 days the slab was reloaded until there was no doubt whatsoever about 
the presence of cracks. At 9350 lb (4250 kg) cracks about 4 to 5 in. (10 to 
12 cm) long were plainly visible. At 48 days the slab was loaded until rupture 
occurred. At 25,800 lb (11,750 kg) there was a sudden drop in hydraulic 
pressure followed by a steady increase in pressure until a maximum of 30,000 
lb (13,650 kg) was reached. No analytical computations were made for 
checking this value. At rupture, there was complete crushing of the concrete 
between the two loaded areas as well as along the end of one diagonal of the 
slab. Underneath the loaded areas shear failure was evident. 


RESULTS 


At 39 days the compressive strength of the concrete was 7849 psi (553 
kg per sq cm) on 3.94-in. (10-cm) cubes and 7736 psi (545 kg per sq cm) on 
7.88-in. (20-cm) cubes. Concrete beams 5.91 x 5.91 x 19.7 in. (15 x 15 
x 50 cm) were also tested at that time and showed a bending resistance 
to tension of 740 psi (52 kg per sq cm). Also at this time the secant modulus 
of elasticity, as measured on 7.88 x 7.88 x 7.88-in. (20 x 20 x 20-cm) 
prisms, was 4,970,000 psi (350 metric tons per sq cm)* at a stress of 709 psi 
(50 kg per sq cm) and 4,370,000 psi (308 metric tons per sq em) at 1418 psi 
(1000 kg per sq cm). 


*One metric ton equals 1000 kg. 
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TABLE 2—STRAINS AND NORMAL STRESSES* 


x Strain reading X 10-4, | Normal stress 
Position on z-axis | cm per cm or in, per in. |-———_—______——_— Ir 


| kg per sq cm 





37.8 
z = 0.40a | 5 28 } 19.7 





| 

z = 0.30a | F, 5 a | 44 a 31.0 
| 
| 





xz = 0.45a 








*Upper values represent stress or strain in the z-axis direction, and values beneath this in the y-axis direction. 





Using Eq. (7) the estimated load for cracking is 7910 lb (3600 kg). Strain 
gage readings for the 2200-lb (1000-kg) load during the 0—2200 lb (0—1000 kg) 
cycle, 0-4950 lb (0-2250 kg) cycle, and the 0—8800 Ib (0-4000 kg) cycle were 
practically identical. Table 2 gives these values. Where there was a fluctu- 
ation the mean values are listed. Table 2 also shows the stresses accompanying 
the computed strains using a value of Poisson’s ratio of 0.2 and a modulus 
of elasticity of 4,970,000 psi (350 metric tons per sq cm). These values are 
plotted in Fig. 4 along with the corresponding values found from mathematical 
analysis. 


CONCLUSIONS 


Two important aspects of the results must be considered if fair conclusions 
are to be drawn regarding the applicability of the mathematical theory of 
elasticity in predicting the cracking load in a statically indeterminate pre- 
stressed structure. First, it must be certain that the mathematical results 
are a logical consequence of the theory. Second, a final comparison must be 
made between calculated load for cracking and the actual load as indicated 
by tests. Since within its low elastic range concrete is known to behave in 
accordance with the elastic theory, it is convenient to load the slab first with 
a pair of loads small enough to insure low stresses in the concrete, and to 
compare at that point analytical and experimental results. This was done 
for a loading of 2200 lb (1000 kg) at each of the loaded points. Observed 
and calculated results are shown in Fig. 4, and are seen to be in close agree- 
ment. Thus the applicability of the mathematical analysis is proved, and 
cracking loads may be predicted by Eq. (7), the validity of which was verified 
by actual tests. The predicted cracking load was found to be 7910 lb (3600 
kg). Comparing this value with test results it was found that the first evidence 
of large jumps in strain readings occurred between 7700 and 8250 lb (3500 
and 3750 kg). The first visible evidence of cracking was observed before 
8800 Ib (4000 kg), and two of the strain gages failed between 8250 and 8800 
lb (3750 and 4000 kg). Such behavior indicates excellent agreement between 
theory and test results, considering the heterogeneous nature of the material. 

Since a two-way slab is representative of the entire family of indeterminate 
structures it may be safely assumed that, just as for reinforced concrete and 
simple structures in prestressed concrete, the theory of elasticity is applicable 
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Fig. 4—Distribution of normal stresses along x-axis of slab 


within its well-known limits for statically indeterminate prestressed concrete 
structures. 


In regard to Freyssinet’s disclosure of: large differences between calculated 
and experimental behavior, it must be remembered that all analytical solutions 
to structural problems are based on assumptions which may, for convenience, 
be divided into four categories and errors occurring between theory and tests 
may be accredited to any or all of them. 
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. Structural geometry. 

. Loading conditions. 

. Support conditions. 
Material properties. 


The first of these is easily handled by the designer for he usually knows, 
before making his final design, exactly what the geometry of his structure 
will be. Where the geometry is too complex for exact translation into mathe- 
matical terms, he is often able to make a simplified assumption close to that 
of the actual structure. Loading conditions are usually a matter of choice 
for seldom does the engineer know exactly what the true loading will be. 


Support conditions are, perhaps, the most perplexing for seldom are those 
idealized conditions of simple supports, perfect hinges, and so forth realized 
in practice. It is here that assumptions are accompanied by the greatest 
element of doubt. As for the properties of the material, two sub-categories 
must be considered. First, general properties such as isotropy and elasticity, 
are assumed in using theories such as the elastic or plastic theory, and are 
constant for a given material. Second, particular properties such as Poisson’s 
ratio and yield stress, depend upon the specific material being used. 

Three series of tests conducted in France were mentioned as the basis 
for the conclusion that the theory of elasticity is not applicable to indeter- 
minate structures in prestressed concrete; one at Orly in conjunction with the 
construction of airfield pavements and two in conjunction with floor con- 
structions at Le Havre and Rouen. For these tests it is safe to say that errors 
in the first, second, and fourth categories of the assumptions were small. Ge- 
ometry of slabs is relatively simple, loading is known exactly when a slab is 
designed for a certain test, and in the light of the results presented in this 
paper the properties of the materials could be assumed with confidence. The 
only remaining cause for discrepancies lies in assumptions relating to the con- 
ditions of support. Tests at Orly, results of which were available to the 
author, show decidedly that great discrepancies occurred between calculated 
cracking loads and actual loads observed in the field. Two reasons for these 
errors are suggested. The first is the unreliability, in general, of the assump- 
tion of an elastic subgrade as support for an airfield pavement. Second, 
cracking as observed in the field obviously represented cracks on the upper 
face of the slab, since observations were impossible on the bottom face. But 
such upper-surface cracks are by no means the first cracks expected. Their 
appearance is a sign of complete rupture rather than initial cracking. Thus, 
there seems to be no valid evidence that such slabs are stronger in terms of 
resistance to initial cracking. 


As for tests at LeHavre and Rouen,.the author did not have an opportunity 
to see the actual test results and can only speculate that they were conducted 
on slabs which formed an integral part of a rigid frame, and that conditions 
of support might well be the cause for discrepancies. 


This investigation was conducted in hope of throwing light on the causes 
for the great differences between theoretical and test results as revealed by 
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Freyssinet. While results of the author’s investigation show that Freyssinet’s 
explanation for the great differences is not completely valid, it is, neverthe- 
less, still true that they did occur and it remains to find a feasible method of 
eliminating them in future designs. Freyssinet’s test results emphasize a 
need which engineers have felt for many years—more tests on structures as 
actually found in practice and less attention to tests which do not faithfully 
duplicate practical conditions of loading and support. Such tests may well 
prove to be the structural engineer’s most fruitful field for research. 


ACKNOWLEDGMENT 


The author is grateful to Prof. Gustav Magnel of the University of Ghent, 
Ghent, Belgium, who made available facilities of the concrete research labo- 
ratory during the course of this investigation. The ready advice and assist- 
ance extended to the author by Professor Magnel and his laboratory staff 
were a great aid toward successful completion of this investigation. 























Disc. 50-19 


Discussion of a paper by Grover L. Rogers: 


Validity of Certain Assumptions in the Mechanics 
of Prestressed Concrete’ 


By Y. GUYON, FRANCO LEVI, G. MAGNEL, and AUTHOR 


By Y. GUYONT 


I do not doubt the results obtained by Professor Rogers, but I think that 
general conclusions on the whole problem of two-way prestressed slabs should 
not be made from this test. It is a particular case (square slab) with bearing 
conditions which are not generally encountered in construction (simply 
supported along the edges). In this particular case, Professor Rogers found 
no redistribution of moments before cracking. 

A number of conditions are necessary so that a redistribution of moments 
may be possible: 

1. It is necessary that the load can be carried by successive “carrying 
systems,’ one system assuming further loads when the other system has 
reached its resisting limit. 

For instance, if we consider a long rectangular slab, supported on mono- 
lithic beams on four sides, we will have at least four possible carrying systems 
which may be schematically represented in the following way: (a) Bending 
of strips parallel to the short sides, following the elastic theory of slabs, with 
fixed-end moments deduced from the same theory. (In this scheme the 
help afforded by strips parallel to the long side is neglected.) (b) The zone 
under load becoming plastic (or having reached its tensile resistance) can 
no longer transmit any further moment. Since the neighboring strips have 
not reached their resisting limit, the additional load can be transferred to 
them by shear. (c) The loaded strip becomes, because of plasticity under 
the load, equivalent to two cantilevers monolithic with the long beams; the 
fixed-end moment can thus increase, the central moment remaining constant. 
(d) The load can be carried by a ‘“‘pressure dome’”’ which appears inside the 
slab and which finds its abutments at the corners of the slab where the beams 
cross. 

2. It is necessary that the successive carrying systems have different 
resistances, or more exactly, different “‘reserves’”’ of resistance after the end 
of the elastic phase. For instance, in the case of a circular slab, simply sup- 
ported along its edge and loaded at its center, there are two successive carry- 
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ing systems: the full slab at the beginning; and next in effect, the slab with a 
central hole assimilating the plastic zone, which can no longer transmit further 
moment. The second system cannot extend the life of the slab, because 
the distribution of moments is not altered along the perimeter of the hole. 

3. If cracking is concerned, a third condition is necessary, 7.e., that the 
material be ductile. 

The fact that Professor Rogers’ test has not shown increasing of resistance 
before cracking, in respect to elastic theories, seems to me to demonstrate, 
not that the elastic theory is applicable in all cases, but that the necessary 
conditions were not fulfilled in the particular case. One could assume that 
the third condition above (concrete ductility) was not fulfilled, and that 
moment redistribution which is indubitable before rupture in all statically 
indeterminate structures, was not possible before cracking. 

Recent tests which I have performed, and where I have tried to fulfill the 
first two conditions, have led to results which I consider as proof of redistribution 
before cracking in the case of slabs.* Six rectangular continuous slabs, 
1.25x 3m (4x 10 ft), 8 em thick (about 3 in.), and prestressed in two directions 
at 14 kg per sq cm (200 psi), were successively loaded in the center up to the 
first crack. 

The usual elastic theories would have authorized a load of 2700 kg (6 kips) 
before cracking, taking into account the tensile resistance. The actual crack- 
ing loads have been 4000 to 4800 kg (9 to 10.5 kips) for the various slabs. 
One could object that the elastic theories which we had used were not correct 
beeause they were unable to take into account the real bearing conditions, 
and, in fact, generally empiric formulas are used to evaluate the fixed-end 
moments. However, the diagrams from strain gage readings show modifi- 
‘vation regarding linear laws before cracking. These results will be discussed 
in a forthcoming paper. 

I think—and Professor Rogers’ test does not contradict this assumption— 
that the total tensile resistance of concrete can be taken into account for the 
slabs. There is, in fact, an essential difference between a slab and a beam 
when cracking is concerned. In a beam, if the stress meets a zone of least 
resistance, a crack necessarily occurs and there is rupture of contact. In 
a slab there is no such rupture of contact, because the stress finds ways on the 
right or on the left. Therefore, while in a beam the resistance to be con- 
sidered is the minimum resistance, in a slab it is the average resistance. A 
reasonable coefficient of safety may be taken on this average resistance, but 
it would be unreasonable to rule, as do many specifications, that this tensile 
resistance must be ignored. 


By FRANCO LEVIt 


The results obtained by Professor Rogers are interesting and certainly 

*A distinction between slabs and beams is made for reasons which will be clearer after publication of the paper 
reporting the test results. 

+Professor of Engineering, Polytechnic Institute, Turin, Italy. 
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constitute a valid contribution to the study of the behavior of highly inde- 
terminate prestressed structures. 

The writer can but share Professor Rogers’ opinion about the interpretation 
of the apparent divergence between his results and Mr. Freyssinet’s. There 
is indeed no doubt that the cracking load considered by Mr. Freyssinet in 
the experiment at Orly cannot be considered as the “‘first..cracking load.’ 
For values of load much less than the maximum reached, other cracks had 
to appear on the invisible bottom face of the slab. The load reached by Mr. 
Freyssinet must therefore be considered as next to the limit of resistance 
of the slab and not as the initial cracking load. 

That this ultimate load is much greater than the one foreseen by the elastic 
theory is not surprising. On this value of the load certainly acts the redistri- 
bution effect of stresses given by the first cracks appearing on the bottom 
face in a zone adjacent to the load. This last affirmation is justified by the 
results obtained by the writer in an experimental slab. * 

Attention must also be fixed on another aspect of the results obtained 
by Professor Rogers: the almost perfect coincidence between the experi- 
mental value of the cracking load and the forecasts founded on the elastic 
theory. Here we must remember that in the field of prestressed beams 
Mr. Guyon has demonstrated that the origin of plastic strains in the ex- 
tended zone delays the appearance of the first cracks and even more so as 
the value of prestress increases. It is surprising that on his slab Professor 
Rogers has not revealed an analogous effect, especially since the value of 
prestressing was rather high in this particular case. 

This observation assumes special significance considering that on the slab 
the local effect of the plastic strains is certainly accompanied by an hyper- 
static effect of redistribution among the various strips making up the slab.t 

A possible explanation for the disappearance of the above mentioned 
plastic effect might be that Professor Rogers had overvalued the tensile 
strength of the concrete. We also think that the slab may have had a pre- 
established capillary crack in the zone in which the first visible cracks appeared. 
It would be interesting if the author would give the reasons which, from his 
point of view, justify this apparent contradiction. 


By G. MAGNELf 


I have not read Professor Rogers’ paper after its publication as I followed 
the test as it was carried out in this laboratory. I would simply like to say 
how much I have appreciated the ability of the author in both theoretical 
‘alculations and in experimental work. 

I would like to add that many other experiments made in this laboratory 
show that the cracking load of a prestressed structure can be determined by 
using the elastic theory, with an accuracy of 10 percent for statically deter- 


Foundation,” (in French), Annales de l'Institut Technique du Batiment et des Travaux Publics (Paris), V. 6, June 
1953, Series: Beton Précontraint, No. 16, pp. 535-556. 

tLevi,, F., “Superfici d’Influenza e Fenomeni di Adattamento Nelle Lastre Piane,’’ Giornale del Genio Civile 
(Rome),’V. 90, No. 5, May 1950. 


tProfessor and consulting engineer, Department of Civil Engineering, University of Ghent, Ghent, Belgium. 
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minate as well as for statically indeterminate structures. 

This has been confirmed recently by tests carried out in this laboratory 
by Professor T. Y. Lin of the University of California. Plastic adaptation 
in statically indeterminate structures only becomes an important factor for 
loads higher than the cracking load. 


AUTHOR'S CLOSURE 


The author is pleased to acknowledge the comments which have been 
submitted by Messrs. Magnel, Levi, and Guyon. The discussions of these 
internationally eminent engineers in the field of prestressed concrete have 
greatly enhanced the value of the original paper. 

There are three phases to be considered in calculating the response of 
concrete structures to static loads. First, we have the essentially elastic 
stage where there is a complete reversibility of stresses and deformations. 
This phase has been studied extensively. Second, we have the post-elastic 
phase which terminates with the appearance of the first tensile crack. This 
is the phase under scrutiny in this paper. Third we have the post-cracking 
phase which terminates with ultimate collapse of the structure. This is the 
phase studied by investigators interested in limit analysis and ultimate load 
design. The tests at Orly, for instance, relate to this third phase. 

The question considered here is concerned with the length of the second 
phase and especially whether elasticity theory can be used for predicting 
the load necessary to cause the first crack to occur. Professor Magnel indi- 
cates in his discussion that elasticity theory is adequate. The author’s test 
results support his contention. 

In theory, however, we may conclude otherwise since we can show that the 
nature of the internal constraints offered by the structure may be such as to 
keep large deformations (and subsequent cracks) from occurring even though 
the elastic limit is exceeded. 

Mr. Guyon rightly points out that a square slab may not offer such con- 
straints but it must be remembered that the nature of the load as well as 
the geometry of the slab will determine the probability of such internal 
constraints existing. In choosing the loading for his test, the author was 
careful to choose the double loads so as to be sure of providing a secondary 
“carrying system” and thus to more accurately test the hypothesis. 

Regarding the nature of the supports used for slab tests, the author feels 
that as long as the support conditions cannot be accurately considered in 
our analysis one can never be certain as to their effects on the test results. 
It was this reason which prompted the use of the simply-supported slab in 
his test. He looks forward, however, to the opportunity of studying Mr. 
Guyon’s most recent test results. 

Professor Levi has wisely pointed out the possibility of an overevaluation 
of the concrete strength used in the test or the possible occurrence of a 
capillary crack. The author feels that the extent of error due to these factors 
must be very small. 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Logging road bridges in Washington pre- 
stressed for structural economy 

Western Construction, V. 28, No. 6, June 1953, pp. 87- 
88 


Reviewed by M. W. Jackson 


Describes three prestressed concrete logging 
road bridges constructed recently in the 
Pacific Northwest. Beams were precast in 
Tacoma and hauled long distances to the 
bridge sites. 


Dual-purpose prestressed concrete bridge 
The Engineer (London), V. 196, No. 5096, Sept. 25, 


1953, p. 404 
Reviewed by Aron L. Mirsky 

Brief description of a most interesting and 
attractive two-deck bridge, part of the Cal- 
verton Colliery project. It was necessary to 
carry a railway track and two conveyor belts 
carrying coal and refuse between the pit 
head and coal preparation plant over a road; 
headroom was limited and interruption to 
road traffic had to be kept to a minimum. 
Solution was a prestressed bridge making 
maximum use of precasting. 

The 74-ft span bridge consists of two gird- 
ers 16 ft 8 in. on centers, each precast in 
three sections, erected on falsework, and pre- 
stressed. The lower deck, which supports 
the conveyor belts, consists of hollow precast 
units spanning between girders; these were 
prestressed by cables transverse to the bridge 
axis, making deck and girders into a mono- 


lithic trough. Some longitudinal prestress 
was also applied. The upper deck, support- 
ing the railway, was then placed and pre- 
stressed transversely. To obviate torsion in 
the girders due to end moments in this deck, 
the deck is supported on top of the girders 
by a hinged bearing detail. Sidewalks were 
then cantilevered out from the top flange 
of each girder. 

The abutments, of mass concrete faced 
with masonry, are founded on the colliery 
shaft pillar; provision for jacking to overcome 
the subsidence so common in coal-mining 
areas was therefore not required. 


Continuous girders haunched on top 
Engineering News-Record, V. 151, No. 4, July 23, 1953, 
pp. 53-59 

A continuous girder railway bridge of rein- 
forced concrete built in Buenos Aires, Argen- 
tina, represents an unusual approach in the 
solution of difficult field conditions. The 
structure has three continuous spans sup- 
ported by girders 21 ft high at the piers and 
6 ft high at the midpoint of the 145-ft central 
span. Clearance of 18 ft was required for a 
heavily traveled highway, but the grade of 
the railroad to provide this clearance plus 
the additional clearance for the girders 
was at a level which did not lend itself to the 
solution of the problem in this manner. The 
problem was solved by constructing the 
girders with the haunches on the top ofthe 
girders rather than at the bottom. 


*A part of copyrighted JouRNAL oF THE AMERICAN CoNCRETE INsTITUTE, V. 25, No. 4, Dec. 1953, Proceedings 
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Wrap-around cables prestress long continuous- 
girder bridge 
Fritz Leonnarpt and Curzon DoBett, Engineering 
News-Record, V. 151, No. 10, Sept. 3, 1953, pp. 43-47 
Reviewed by 8S. J. CHAMBERLIN 
The bridge will cross the Danube river 
valley in Germany with five spans totaling 
1230 ft. The cross section consists of two T- 
shaped girders with the road deck forming 
the top flange. A two-span section was 
erected last year and post-tensioned by 
jacking a semicircular stressing block at one 
end (around which the loop of cables passed) 
away from the abutment, thereby tensioning 
the prestressing cable in one operation. The 
three-span portion to be completed this year 
will be made continuous at the junction of 
the two-span section by having the looped 
cables lie above those for the first section. 
The deck will be placed to a depth of 4 ft 
between cable loops to take the stress of the 
cables pulling in opposite directions. Steel 
plates and paraffin were used to reduce fric- 
tion, during tensioning operations, at points 
of change in direction of the cables. Trans- 
verse ribs under the deck were prestressed 
singly. The design calls for 0.084 cu yd of 
concrete, 6.81 Ib of prestressing steel, and 
8.2 lb of mild reinforcing steel per sq ft of 
roadway. 


Investigation of wind forces on highway bridges 
Special Report No. 10, Highway Research Board, 1953 
30 pp. 

Models tested represented a 100-ft pony- 
truss span with a 22-ft roadway to a 1:16 
scale, and two 250-ft through high trusses 
of light design with 24- and 36-ft roadway, 
respectively, to a 1:24 scale. There were also 
1:24 scale models of deck plate girder bridges 
9 ft deep having two, four, and six girders 
and 28-, 34-, 48-, and 52-ft roadways, some 
without 5-ft cantilevered sidewalks. 

Force and moment coefficients were de- 
termined at a wind velocity of 100 mph 
after testing each model at velocities down to 
25 mph to establish the absence of Reynolds 
number or scale effects. 

On the basis of these tests the specified 
wind load of 50 lb per sq ft on 11% times the 
area of the bridge in elevation is adequate 
for the transverse forces on trusses without 
live load in a 100 mph wind, and a consider- 
ably lighter loading per square foot is indi- 
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cated by the pony truss and deck girder 
models. In localities exposed to extreme 
winds, perhaps heavier loading should be 
used. 


Dams 


Lightweight dam to pass heavyweight flows 
over new diffuser spillway 
Engineering News-Record, V. 151, No. 8, Aug. 20, 1953, 
pp. 43-48 
Reviewed by 8S. J. CHAMBERLIN 

Foundation conditions determined the se- 
lection of an Ambursen type dam to create 
Houston’s new reservoir on the San Jacinto 
River. The 45 ft high and 3160 ft long super- 
structure is a conventional slab and buttress 
type. Triangular shaped buttresses of rein- 
forced concrete, spaced on 20-ft centers, 
support on haunches on their sloping, up- 
stream edges an inclined deck slab of rein- 
forced concrete. To avoid erosion, a rein- 
forced concrete slab extends from the down- 
stream edge of the foundation slab for a 
distance of 120 ft and is inclined upward to 
form a stilling basin. A diffuser grill at the 
crest of the dam and for its entire length con- 
sists of reinforced concrete girders tapered in 
width from top to bottom and upstream to 
downstream end to avoid clogging with drift. 
Model studies indicated that flood 
will drop through the grill in narrow sheets 
into the stilling pool, where the energy will 
be dissipated. 


waters 


Aggregates cooled on belts for Vaitarna dam 
in India 
E. A. Bertscn and Americo Sitvera, Engineering 
News-Record, V. 151, No. 10, Sept. 3, 1953, pp. 37-38 
Reviewed by S. J. CHAMBERLIN 
About 750,000 cu yd of concrete will be re- 
quired for this dam with a maximum pro- 
duction rate of 120 cu yd per hr at a tem- 
perature of 55 F or less as it comes from the 
mixer. Four sizes of coarse aggregate and 
two sizes of fine aggregate are cooled from 100 
to40 F and to 72 F, respectively, as they move 
slowly through an insulated chamber 330 
ft long on their way to the batching plant. 
Coarse aggregates are cooled by flooding in 
chilled water in trough-type conveyors and 
then dropped through an air blast to remove 
excess moisture. Fine aggregates on the 
conveyors are churned and spread in currents 
of cold air. Mixing water is also cooled but 
not the cement. 
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East's first fly-ash concrete dam 
Engineering News-Record, V. 151, No. 12, Sept. 17, 
1953, pp. 35-36 
Reviewed by S. J. CHAMBERLIN 

The 160,000-cu yd dam for Baltimore’s 
water supply system contains 92 lb of fly ash 
for every 3 sacks of Type II cement. Sav- 
ings are estimated to be 50 cents per cu yd. 
Tank trucks with twin unloading screws 
hauled the fly ash from a steam power sta- 
tion to the storage silo at the batching and 
mixing plant. An air-entraining agent was 
added, and the mix for the face of the dam 
used 4 sacks of cement per cu yd. An in- 
teresting feature is an aluminum suspension 
bridge of 270-ft span connecting an intake 
tower to shore. 


Dam building in the gold country 
Engineering News-Record, V. 151, No. 4, July 23, 1953, 
pp. 39-41 
Reviewed by 8. J. CHAMBERLIN 

Folsom Dam across the American River in 
California consists of earthfill barriers and a 
concrete dam 1400 ft long and 340 ft high, 
containing 1,000,000 cu yd of concrete. The 
Bureau of Reclamation is building the power 
plant and tailrace channel while the Corps of 
Engineers is constructing the remainder of the 
project. Foundation faults and washouts 
have complicated construction. Sized aggre- 
gates for concrete go by truck to a conveyor 
belt carried on a suspension bridge of 500- 
ft main span. A huge refrigeration plant will 
permit 250 cu yd of concrete to be delivered 
per hour at less than 50 F during the hottest 
weather. 


Texarkana dam nears final stage 
Contractors and Engineers, V. 50, No. 8, Aug. 1953, 


pp. 84-89 

Texarkana dam on the Sulfur River water- 
shed is rapidly nearing completion. The 
closure contract for the completion of the 
dam calls for construction of the concrete 
spillway, concrete outlet structure, and the 
closing portion of the main earth-fill dam 
surrounding these components. Completion 
of the closure section depends on the settle- 
ment of the sand strata beneath this area. 
The concrete work including forms, mix de- 
sign, hauling, and placing in the construction 
of the spillway and outlet structure is de- 
scribed, and a short discussion on the design 
of the dam is presented. 


Suitability of mass concrete for dams in India 
GeorGE OomMEN, Indian Concrete Journal, V. 27, 


No. 6, June 1953, pp. 240-244 

The various factors in the selection of the 
type of dam, rubble masonry or mass concrete, 
to be used must be considered. In India 
skilled labor, wages, and speed of construc- 
tion are governing factors with costs for the 
two type dams about the same. 

The importance of proper mix design is 
stressed, and preparation and placing of the 
mass concrete are included. Tentative cost 
tables are set up for investigating the eco- 
nomics of mass concrete and rubble masonry 
dams. 


Six dams on the Raquette 
Engineering News-Record, V. 151, No. 12, Sept. 17, 
1953, pp. 30-32 
Reviewed by 8. J. CHAMBERLIN 

Six dams, the highest 78 ft and the longest 
830 ft, for a power project in upper New 
York are concrete structures with ogee over- 
flow cross sections. Each dam will back a 
reservoir to the tailwater level of the first up- 
stream power station. A 34 E double-drum 
paver with a high-lift discharge boom has 
proved efficient and flexible for mixing con- 
crete for the small dams. At one location 
an 8-ft diameter reclaiming tunnel, under all 
of the aggregate stock-piles, contains a belt 
conveyor for carrying material to the batch- 
plant elevator. Recent use of fly ash has 
reduced the cement content of the mass con- 
crete from 5 to 4 sacks. 


Design 


Iterational analysis of multistory frames with 
sidesway (Iterationsweise Berechnung von laen- 
gsverschieblichen Stockwerkrahmen) 


Joser E1s—ENMANN, Der Bauingenieur (Berlin), V. 28, 
No. 6, June 1953, pp. 198-199 
Reviewed by Aron L. Mirksy 
Frames affected by lateral displacement as 
well as rotation of joints are analyzed by the 
usual method of first applying additional 
forces to prevent sidesway and then in- 
vestigating the effect of these forces, by an 
iteration method. Author claims method 
converges rapidly, inasmuch as the effect 
of the angle changes is much smaller than 
that of the sidesway. A numerical example 
is briefly presented to demonstrate the rapid 


convergence. 
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Analysis of prestressed concrete statically in- 
determinate structures 
D. W. CracknE.u, Proceedings of the Symposium on 
Prestressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 19-61 
(including discussion) 

AvuTHOR’s SUMMARY 

Deals with fundamental aspects of the 
behavior of statically indeterminate struc- 
tures and simple applications of some suit- 
able methods of analysis. 

Analysis of a simple portal frame shows 
that axial shortening of a beam due to pre- 
stress and shrinkage causes significant changes 
in the moments in the frame and it is inferred 
that allowance must be made for axial de- 
formation of prestressed members whenever 
this induces moments in contiguous parts of 
the structure. 

Suitable methods of analysis are discussed 
including the method of “cut,” column 
analogy with particular reference to axial 
deformations, and the theory of a beam on an 
elastic foundation. 

The ultimate strength of prestressed mem- 
bers is considered in relation to continuity 
and it is shown that some increase in ultimate 
strength results. 

Examples are given of the analysis of 
various types of statically indeterminate pre- 
stressed structures including a continuous 
beam, a bridge frame, a multistory frame, 
and a cylindrical liquid storage tank. 

An appendix gives data for the rapid 
analysis of structures involving the applica- 
tion of the theory of a beam on an elastic 
foundation. 


Pavements 


Airbase paving allows heavier wheel loads 
Contractors and Engineers, V. 50, No. 9, Sept. 1953, 


pp. 55-59 

At Barksdale Air Force Base in Louisiana, 
engineers and contractors have completed 
a construction program designed to solve 
one of the headaches of airfield managers 
everywhere: how to cope with heavier wheel 
loading. Most of the airfield’s parking apron 
and part of one old runway have been 
strengthened either with an overlay of con- 
crete paving or new lanes of pavement 16 in. 
thick. 


There was a total of 133,000 cu yds of con- 


crete paving with about 14,000 cu yds used 
as 12-in. overlay on part of the existing 
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parking apron slab, about 49,000 cu yds 
used for 8-in. overlay paving, and 70,000 cu 
yds used for new 16 in. thick paving. 
Grading, formwork, joints, batching, and 
paving are described along with the pro- 
cedures followed in this short-run paving job. 


Jet aircraft heat and blast effects on airfield 
pavements 
GayLe McFappen, Military Engineer, V. 45, No. 305, 
May-June 1953, pp. 173-175 

Reviewed by M. W. Jackson 

Describes tests on 24 specially constructed 
panels equipped with thermocouples for 
measuring pavement temperatures under jet 
aircraft. Each panel was 25 x.50 ft; 12 
were portland cement concrete and 12 were 
asphaltic concretes. 

Among the conclusions reported, temper- 
atures in the portland cement concrete were 
generally 30 to 70 F less than in the as- 
phaltic concrete. The portland cement con- 
crete pavements were not affected by the 
heat and blast, although the joint seals were 
melted slightly in some instances and blown 
in the direction of the blast as much as 5 in. 


Precast concrete 


Precasting fosters high stability in bridge built 
to be submerged 

Engineering News-Record, V. 150, No. 26, June 25, 
1953, p. 53 

A 3000-ft bridge designed to be submerged 
at times of extreme high water and to stand 
up under pressure of debris carried by the 
Orange river in South West Africa was re- 
cently completed. Continuity adding to the 
stability of the structure was made possible 
by precasting the shells for pile caps and 
spans, and completing the concreting after 
the precast units had been set in final position. 

Reinforced concrete was used for the entire 
structure, including the supporting piles. 
These latter were 45 ft long and driven to firm 
bearing about 20 ft below the deepest scour 
level. 

The bridge is divided into 26 sections, each 
120 ft long between expansion joints. Each 
section consists of four central spans 20 ft 
long, two flanking spans of 16 ft, and 4-ft 
cantilevers at each end. 

The deck of the new bridge was placed 
about 5 ft above normal water level and 8 ft 
below the maximum known flood crest. 
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Precast concrete construction 


Tuomas G. ATKINSON and CHartes L. Haaen, Civil 
Engineering Corps Bulletin, V.7, No. 9, Sept. 1953, pp. 
4-9 


New construction at the U. 8. Naval Air 
Station at Miramar, Calif., by the Bureau of 
Yards and Docks, has unveiled many appli- 
cations of thin-shell precast concrete design. A 
major structure was the aircraft maintenance 
hangar which utilized precast construction 
throughout. Design features, fabrication, 
and construction features of some of the 
structures are described. 

(For an extensive description of this and 
similar projects, see the May, 1953, issue of 
the ACI JouRNAL.) 


What owners, lenders, and builders should know 
about concrete masonry 
Wituram M. Avery, Pit and Quarry, V. 46, No. 2, 


Aug. 1953, pp. 152-158 

A discussion of the growth and extent of 
the role of masonry block in today’s construc- 
tion. Versatility in materials used and uses 
to which block are put are stressed, as is 
also the uniformity of block in size and 
strength. Lightweight aggregate block is 
said to be largely responsible for the rapid 
growth of the block industry in recent years. 
The role which the American Concrete In- 
stitute, Portland Cement Assn., and National 
Concrete Assn. have played in 
bringing concrete masonry construction to 
its present high level is brought out. 


Masonry 


Precast concrete crib retaining walls 
Indian Concrete Journal, V. 27, No. 6, June 1953, pp. 


236-239 

Design, construction, and _ specifications 
(Indian) for precast concrete crib-retaining 
walls are given. Specifications include de- 
sign, manufacture, and installation of the 
precast headers and stretchers as well as a 
coverage of approved fill materials. 

Comparative cost data between concrete 
crib and other type retaining walls, such as 
coursed rubble masonry and brick masonry, 
are given in tables. 


Florida firm makes big business of precast con- 
crete window frames 
Wirtuiam M. Avery, Pit and Quarry, V. 46, No. 1, 


July 1953, pp. 264-268 

Precast window frames are being produced 
on an assembly line basis by the Livesay 
Window Co., Inc., Miami, Fla. Frames are 
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cast in pressed steel forms which incorporate 
all metal socket lugs for the erection of metal 
sash frames and venetian blinds. After cast- 
ing, the forms are placed into adjoining 
chambers where the concrete is cured for 2 
hr with live steam. Forms may be stripped 
and re-used as much as four times in a 10-hr 
day. 


Prestressed concrete 


Prestressed ‘‘waffle”’ lift-slabs 
Architectural Forum, V. 98, No. 5, June 1953, pp. 168- 


169 
Reviewed by M. W. Jackson 
Describes construction of parking garage 
in Louisville, Ky. Three modern techniques 
were combined. The Youtz-Slick method 
of casting slabs on the floor and lifting into 
position used. Lighter spans were 
obtained by the waffle system, using polyester 
glass-fiber pans. Each of the network of 
joists contained post-tensioned prestressed 
‘ables. Column spacings were approximately 
28 ft. Each slab weighed 90 lb per sq ft and 
was designed for 100 Ib per sq ft live load. 
The contract price was $7.55 per sq ft for the 
7300-sq ft garage. 


was 


Some experimental work on interconnected 
presiressed beams 
P. B. Morice, Proceedings of the Symposium on Pre- 
stressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 63-75 
(including discussion) 
AvuTHOR’s SUMMARY 
The considerations involved in the use of 
prestressed structures in the nonlinear 
range are discussed briefly, with particular 
reference to highway bridges. This is 
followed by a description of work in progress 
to determine the nonlinear behavior of in- 
terconnected prestressed beam arrangements. 
Some preliminary results are given, together 
with a note on the failure of a test specimen. 


Hydraulic jack for prestressed concrete 
The Engineer (London), V. 196, No. 5098, Oct. 9, 
1953, p. 462 
Reviewed by Aron L. Mirsky 

Description of lightweight jack designed 
for tensioning individual wires of up to 0.267- 
in. diameter. Up to 12 wires may be placed 
in one duct ahd post tensioned singly. Manu- 
facturer claims that with this equipment one 
man can tension and anchor wires at the rate 
of 20 per hr. 
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Continuity of prestressed concrete structures: 
the practical aspect 
A. J. Harris, Proceedings of the Symposium on Pre- 
stressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 1-18 
(including discussion) : 
AvuTHOR’s SUMMARY 
Discusses the practical problems involved 
in overcoming the fact that in statically in- 
determinate structures the application of pre- 
stress produces further strains which them- 
selves engender changes of stress and modi- 
fications of reactions. The author indicates 
by examples of projects built how struc- 
tures may be built in a statically indetermi- 
nate condition by the following methods: 
(a) stressing in a statically determinate con- 
dition and adding restraints afterwards; 
(b) adjusting reactions; (c) using straight 
cables with an undulating neutral axis; (d) 
using cap cables; (e) assembling by transverse 
prestress; and (f) casting in situ. 


Prestressed concrete 
J. D. Harris and P. B. Morice, Indian Concrete 


Journal, V. 27, No. 6, June 1953, pp. 253-266 

The application of post-tensioning in pre- 
stressing of precast units in the construction 
of buildings and bridges is illustrated. 

Among the structures covered in the build- 
ings section are warehouses, factories, stores, 
and aircraft hangars. Details include beams, 
columns, and shell roofs as well as prestress- 
ing techniques used in Europe and India. 


In the bridge section, both beam and slab 
bridges are described. These include pre- 
cast-beam, arched, and continuous girder 
prestressed bridges. Prestressing and erec- 
tion techniques used in completed bridges 
in Europe and India are given. 


Colorado builders make use of prestressed 
concrete roof sla 


Gerorce C. Hanson, Western Construction, V. 28, No. 
8, Aug. 1953, pp. 67-69 
Reviewed by M. W. Jackson 


General discussion of development of and 
use of prestressed concrete roof slabs in 
Colorado. Design used in Loveland school 
is described. Costs to the customer for 
slabs spanning 20 to 25 ft average 80 cents 
per sq ft erected. Roof construction con- 
sisting of prestressed beams spanning 50 to 
80 ft with a prestressed concrete slab cover 
averages $1.50 per sq ft in place. 
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Foundation for Ringsend steam power station, 
Dublin 
Kevin B. MoLoney, Transactions, Civil Engineers of 


Ireland, V. 79, 1952-53, pp. 55-75 

The new steam power station in Dublin is 
to be located on the south bank of the estuary 
of the Tiffey river. The structure and equip- 
ment will be supported on a number of con- 
crete-filled steel cylinders founded on rock at 
an average depth of 140 ft. The Benoto 
system, developed by the firm Societe- 
Francaise de Construction de Bennes Auto- 
matiques, was used to sink the cylinders. 


A discussion of geology, soil sampling, 
excavation and sinking of the cylinders, and 
concreting of piles is included. 


About the economy and safety of reinforced 
concrete construction (in Serbian) 
MartTIN OBRAN, Gradbeni Vestnik (Yugoslavia), No. 
7-8, 1951, pp. 166-173 
AuTHOR’s SUMMARY 

Emphasis is placed on quality concrete, 
correct form design, and good workmansbip 
as being necessary for economical concrete 
construction. Thin-shell structures are noted 
as offering economical construction because 
of their relatively low dead load. Re-use 
of forms is emphasized. 


Falling rock a hazard on crib wall job 
Ratepn Monson, Contractors and Engineers, V. 50, 


No. 9, Sept. 1953, pp. 38-43 

Construction of a concrete crib wall to 
protect an eroding sandstone bluff, on the 
Mississippi river at Minneapolis, is described. 
Safety techniques were stressed during con- 
struction, and crews continually worked on 
clearing the sandstone bluff of loose debris 
which might cause accidents. 

The crib wall is a series of cells made by 
erecting a series of precast concrete headers 
and stretchers. Ends of the stretchers are 
notched to fit over the I-shaped headers. 
Batter is at a slope of 1 horizontal to 6 verti- 
cal, and anchorage is at intervals of 12 to 18 
ft horizontally and 12 to 15 ft vertically 
with 1-in. bars grouted into holes in the sand- 
stone bluff. The lower edge of the crib 
wall is protected by a brush mat and stone 
riprap below water level, and a gravel filter 
and stone riprap above water level. 





CURRENT REVIEWS 


Tower places ocean outfall 
Engineering News-Record, V. 151, No. 8, Aug. 20, 1953, 
pp. 36-38 
tower—chosen for more 
positive control than floating equipment 
would afford—took over the laying of a deep- 
water sewer outfall extending 7000 ft into 
the Pacific Ocean after the section through the 
surf had been placed within sheet piling from 
a timber trestle. The 78-in. reinforced con- 
crete pipe was laid and jointed with special 
‘are to prevent later shifting and leakage. 
Pipe was placed in 24-ft sections, and its 
joints seated by a four-legged tower standing 
on the ocean bottom. A gasoline-powered 
hoist on the tower lifted the 32-ton pipe lengths 
and suspended them just above the ocean 
bottom, where they were seated in a gravel 
bed with hand winches at the direction of a 
diver. 


A construction 


Big brewery constructed on drilled-in-place 
piles 

Cuartes A. McManon and Ray Day, Contractors 
and Engineers, V. 50, No. 9, Sept. 1953, pp. 62-64 

Construction problems of a big brewery 
being built for Anheuser-Busch in southern 
California’s San Fernando Valley on the out- 
skirts of Los Angeles, are many. Floor loads 
as high as 300 lb per sq ft were used in the 
design of some parts of the plant. This 
created interesting foundation problems, 
since the brewery sets an unlimited over- 
burden on the valley floor. Some thin rein- 
forced concrete walls called for 6 and 8 in. 
thicknesses, and pours up to 27 ft. To mini- 
mize any possible cracks in the cellars, due 
to shrinkage, prestressing by the Freyssinet 
method was utilized. 

An interesting adaptation of drilled-in- 
place caissons formed the major portion of 
the foundation planning. All told, plans 
called for 850 drilled-in-place friction piles 
ranging from 21 to 24 in. 
the plans were 600 belled foundation caissons 
with 24- to 30-in. shafts, and 2'4- to 81-ft 
bells. The major portion of the drilled-in- 
place foundation holes occurred as clusters, 
with holes about 6 ft apart and averaging 
about 50 ft deep. 

Concrete placing in the caissons utilized 
a telescoping concrete tremie, which trained 
the concretes, under control, to the bottom of 
the hole. The tremie was raised as the con- 
crete rose toward ground level. 


Also included in 
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The 35,000 cu yd reinforced concrete proj- 
ect called for some unusually precise form- 
work, and was further complicated by the 
fact that plant components differed enough 
to prevent, in a large part, re-use of forms. 


General 


Progressive tunneling works without use of liner 
plates 

Engineering News-Record, VY. 151, No. 11, 
1953, pp. 55-59 


Sept. 10, 


Reviewed by 8. J. CHAMBERLIN 


Reinforced concrete 
precast elliptical in shape, with a ratio of 


height to width that permitted one section 


pipe sections were 


to be passed through the previously installed 
portion of underground sewer. The tunnel 
excavation in earth was kept only far enough 
ahead for the installation of one 14-in. section 
of tongue-and-groove pipe. Four different 
sizes had internal areas equivalent to cir- 
cular pipe ranging from 30 to 48 in. inside 
diameter. 


How reinforcing adds to benefits of concrete 
construction—| 

What you learn from early tests of reinforced 
concrete beams—l 

Shear and bending stresses in reinforced con- 


crete beams—Ill 
Prestressed concrete: What is it? How does it 


work?—IV 
Harry F. Utrey, Practical Builder; July 1953, pp. 
126-127; Aug. 1953, pp. 141-142; Sept. 1953, pp. 175- 
176; Oct. 1953, p. 205 

Series of articles introducing basic funda- 
mentals of reinforced concrete construction, 
directed primarily at the small builder or con- 
tractor. The introductory 
briefly characteristics of reinforced concrete 
structures, 


article covers 
and com- 
pression, simple beam design, and proper 
placement of reinforcing Part II 
gives the results of early tests on reinforced 
concrete beams, showing the necessity for 
adequate steel, and the importance of diagonal 
reinforcing to resist shear stresses. Part III 
explains vertical and horizontal shear and 
bending stresses, and how these structures 
are controlled by reinforcing and use of 
stirrups. The concluding article introduces 
prestressed concrete principles and _ the 
various prestressing methods. 


meaning of tension 


steel. 
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Monolithic pipe for irrigation water 
L. H. Kristor, Engineering News-Record, V. 151, No. 
13, Sept. 24, 1953, pp. 35-36 
Reviewed by S. J. CHAMBERLIN 

Unreinforced monolithic concrete pipe has 
been used for low-head farm delivery service 
in several districts of the San Joaquin Valley 
of California because of its obvious advan- 
tages over open canals. Construction costs 
have been comparable -to concrete-lined 
canals with the 30- and 36-in. sizes being the 
most economical. The principal method has 
used mostly hand labor with the lower arc 
formed and compacted under a semicircular 
steel “boat” equal in diameter to the nominal 
pipe size, with a workman aboard. Collapsi- 
ble forms are used for the upper section with 
the concrete placed and finished successively 
with shovel, wood float, and steel trowel. 
One firm has developed a “traveling form” 
rig that involves mechanical placing and 
compacting. Costs in 1952 for 30-in. pipe 
varied from $1.60 to $3.50 per lin ft. 


Microsecond timer checks concrete beams 
J. H. J. Firrer, Electronics, V. 26, No. 10, Oct. 1953, 


pp. 152-154 
Reviewed by Aron L. Mirsky 

An article for the researcher and his elec- 
tronic consultant. Describes electrical de- 
sign and circuitry of electronic timer used 
with two phonograph pickups to determine 
modulus of elasticity of concrete beams. A 
shock wave is applied at one end of the beam 
and the time required for the wave to pass the 
two pickups, spaced a convenient and known 
distance apart, is measured. The modulus of 
elasticity EZ is then equal to the density of 
the material multiplied by the square of the 
velocity of the longitudinal compression wave. 
The accuracy claimed for the timer is + 1 
microsecond or 2 percent whichever is larger. 


Analysis of multistory frames (Berechnung 
mehrstoeckiger Rahmend 
Guenter Raczat, Der Bauingenieur (Berlin), V. 28, 
No. 6, June 1953, pp. 226-227 

Reviewed by Aron L. Mirsky 


Further discussion of paper by Vladimir 
Schadoursky (Der Bauingenieur, V. 27, No. 4, 
Apr. 1952, pp. 113-114; see ACI Journat, 
Oct. 1952, p. 161); this time the recommen- 
dation is for the method of Luetkens (Meth- 
ods of Frame Analysis, Berlin, 1949) as 
affording a simple solution. 
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Ontario hydro construction: 
Niagara 


Engineering News-Record, V. 151, No. 11, Sept. 10, 
1953, pp. 33-38 


on-schedule at 


Reviewed by S. J. CoamBerLIN 


Long tunnels of 45 ft inside diameter 
lined with 3 ft of concrete are this project’s 
most significant features from a construction 
standpoint. Down-holes, spaced mostly at 
580 to 700-ft intervals, deliver concrete 
through 10-in. pipe from the surface to the 
tunnel location 160 to 300 ft below. Trucks 
dump concrete into a screw-feed hopper that 
maintains a steady flow into the down-hole. 
Invert concrete is received in a hopper which 
feeds buckets on a shuttle car. Arch con- 
crete goes from the down-hole to three con- 
crete pumps. Powerhouse concrete is chuted 
a drop of 240 ft from the top of the gorge 
through 12-in. pipe inclined 60 deg with the 
horizontal. Concrete lands first in a 4-cu yd 
baffle box and then overflows into a wet-batch 
hopper serving two pumps. Two central- 
mix plants will furnish 2,000,000 cu yd of 
concrete at a maximum rate of 180 cu yd per 
hr for each mixer. 


Ceramic tile sorter 
F. Lepri and R. Sanna, Electronics, V. 26, No. 10, 
Oct. 1953, pp. 180-181 
Reviewed by Aron L. Mirsky 

Describes electrical design of automatic 
sorter, developed in Italy, for sorting tiles 
into three grades by shade at the rate of 60 
per minute. 


Heat-resistant runway material developed 
WiuiraM D. Perreactt, American Aviation, June 22, 


1953, p. 48 

Tests are reported on a material, “Poz-O- 
Pac,” developed to withstand the high 
velocities and high-temperature exhausts 
of turbine and rocket engines. The material 
will withstand temperatures up to 2400 F, 
and is immune to attack by kerosene and 
other jet fuels. Its compressive strength 
is about half that of regular concrete. Tests 
to date have proved it suitable for use with 
single-wheel loads up to 60,000 Ib per sq ft. 
The author notes that the material has limita- 
tions and is not a cure-all. Basically it is 
composed of fly ash, lime, and slag aggregate. 


Results of tests by Westinghouse Electric 
Corp. and Corps of Engineers are presented. 











Title No. 50-20 


Effect of Age of Concrete on Its Resistance to Scaling 
Caused by Using Calcium Chloride for Ice Removal* 


By W. C. HANSENT 


SYNOPSIS 


Tests were made in the field to determine the effect of age of concrete, at the 
time of the first application of de-icing salt, on the resistance to frost and salt 
action. Slab specimens, 36 x 36 x 6 in., were provided with dikes which 
permitted the freezing of approximately *¢ in. of water on their surfaces. 
Specimens were made with Types I and IA cements and a blend of the two 
cements, which yielded concretes having air contents of approximately 1.5, 
3.0, and 5.0 percent. Ice was removed by applications of flake calcium chloride 
whenever the *¢ in. of water was frozen solid. A total of 55 cycles of freezing 
and thawing were obtained in the one winter. 

Except for the specimens which were 117 and 91 days, respectively, at the 
first. freeze, those made with concrete containing approximately 1.5 percent 
air were completely scaled in from 5 to 15 cycles of freezing and thawing. 
Complete scaling was obtained in less than 55 cycles of freezing and thawing 
with the concrete containing approximately 3 percent air only on specimens 
which were 29 days old or less at the time of the first freeze, and with concrete 
containing approximately 5 percent air only on specimens which were 8 days 
old or less at the first freeze. 


INTRODUCTION 


Scaling of concrete pavements was largely eliminated when it was dis- 
covered! that entrained air greatly increased the resistance of concrete to 
the deteriorating action produced by applications of either calcium chloride 
or sodium chloride to remove ice. However, occasional failures of this type 
still occur on pavements placed late in the season and which are subjected 
to freezing and to applications of de-icing salts a short time after placing. 
Concrete pavements are often placed throughout October and sometimes 
through the first part of November, provided temperatures for the most 
part remain above freezing. In such cases, there is always the danger of a 
heavy snowfall and below freezing temperature within a week or two after 
some of the concrete is placed and before it has developed the desired strength. 
Such a heavy snowfall probably would not seriously harm air-entrained 
concrete if it were possible to remove the snow completely and to prevent 
the water from the melting snow from freezing on the pavement. The ice 
Denver: Colo. Feb, 22-25, 1064,_ Title No, £0-20 is a part of copyrighted Jounat, ov Tae Auunican Gomenens 
InstiTuTE, V. 25, No. 5, Jan. 1954, Proceedings V. 50. Separate prints are available at 50 cents each. Discussion 


(copies in triplicate) should reach the Institute not later than May 1, 1954. Address 18263 W. McNichols Rd., 
Detroit 19, Mich. 


+Member American Concrete Institute, Manager, Research Laboratories, Universal Atlas Cement Co., 
Buffington, Ind. 
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TABLE 1—CHEMICAL ANALYSIS AND CALCULATED COMPOUND COMPOSITION 
OF CEMENT 





| | Loss | 
Cement | SiO: | Al:0s ; j 302 | on CoS | CsA | CAF | caso. 
ignition 


20.6 | 1 
20.3 | 1 





A |20.8| 6.2 2.4| 7.3 | 2.7 
B | 20:7! 6.3 26/ 7:3 | 2: 























formed on the pavement is removed by applications of salt. Under such 
conditions, the concrete may stay in a fairly well saturated condition for 
several days and be subjected to a number of cycles of freezing and thawing 
when it is only a few weeks old. 

Prior to the use of air-entraining cements, it was generally recognized that 
there was danger of serious scaling if concrete was exposed to the action of 
de-icing salts the first winter and that this danger decreased as the age of 
the concrete increased. On the other hand, it appeared from the success in 
resisting the action of de-icing salts obtained both in the laboratory and in 
the field with concretes made with air-entraining cements that the age of this 
type of concrete was not too important in the development of its resistance 
to this action of salts. 

However, in speaking of the age of concrete, it must be remembered that 
concrete placed in the field on a given date one year might be exposed to far 
different temperature and moisture conditions from that placed on the same 
date in some other year. Because of these variables, it is not possible to set 
up laboratory conditions which might be expected to duplicate closely those 
of nature. Neither is it possible to perform tests in the field one year and 
expect to obtain identical results from similar tests carried out the next year. 

Since definite information was not available as to the effect of age of con- 
crete made with air-entraining cement on its resistance to the action of salts, 
it was decided to determine the resistance to frost and salt action of con- 
cretes placed in the field at intervals from August through November. 


CEMENTS 


Three cements, identified as A, B, and C, were used in this study. Cement 
A was a commercial Type I cement with a mortar air content* of 4.9 percent. 
Cement B was a commercial Type IA cement ground with neutralized Vinsol 
resin and had a mortar air content of 19.5 percent. Equal parts of cements 
~ *ASTM Designation C 185-46T. 


TABLE 2—NORMAL CONSISTENCY, SETTING TIME, ave EXPANSION, 
AND SPECIFIC SURFACE AREA OF CEMEN 





Setting time Specific 
Normal oa — - - oe Autoclave | surface area, 
Cement consistency, Gillmore Vv icat expansion, | Wagner, 
percent RE GEES Wiles toa =a Was eae —— percent sq cm 
Initial Final “Initial per g 





24.5 2:45 5:00 1:45 ; 1935 
24.5 2:45 ; 1:50 :02 "15 1920 
24.5 2:40 r ; 1920 
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TABLE 3—AIR CONTENT AND COMPRESSIVE STRENGTH OF MORTAR 


| 








Air content Compressive strength, psi 
| of mortar test | 2-in. cubes—ASTM Designation C 109 
Cement ————-——, —__-—_____ |—-—-- - - - 
Water, | Air content, Water, 

percent | percent percent 1 day 3 day 7 day 28 day 
A 77.0 | 4.9 | 50.0 470 1375 2424 4075 
B 57.0 19.5 46.0 551 1417 2210 3583 
Cc 62.5 14.7 47 .6 561 1366 2233 3492 


A and B were blended to give cement C, which had a mortar air content 
of 14.7 percent. These cements gave concretes with air contents of ap- 
proximately 1.5, 5.0, and 3.0 percent for cements A, B, and C, respectively. 
Compositions and physical data of these cements are given in Tables 1 to 3. 


AGGREGATES 


Natural sands and gravels are widely used in pavement concretes. Hence, 
it was decided to use sand and gravel from Elgin, Ill., for most of the con- 
crete in this investigation. However, since these contain small percentages 
of chert and argillaceous limestone which have low resistance to disintegration 
by frost action, two rounds of specimens were made in which crushed trap 
rock from Dresser Junction, Wis., was substituted for the Elgin gravel to 
obtain information on the part played by the weak stones in the gravel in 
the scaling of concrete. All aggregates were stockpiled and wetted at frequent 
intervals so that they were, for the most part, fully saturated and contained 
some free moisture when used. Moisture contents were determined at the 
time of use by the method developed by Dunagan,? and the quantity of water 
added at the mixer was corrected for the free water in the aggregate. Typical 
data for the aggregates are given in Table 4. 


MIXING EQUIPMENT AND MIX PROPORTIONS 


The concrete was mixed in a 6-cu ft revolving drum, nontilting type 
concrete mixer. Sticking of mortar around the blades of the mixer caused 
some difficulty in obtaining satisfactory concrete but this was overcome by 


TABLE 4—DATA FOR AGGREGATE 


Sieve analysis of aggregate, percent retained 














Sieve a ——- - ~-- - - 
Elgin sand Elgin gravel Trap rock 
1%-in. — - 0.4 
34-in. _ 36.2 60.3 
%-in. - —_ 83.5 95.3 
No. 4 2.7 98.0 99.5 
No. 8 16.6 100.0 100.0 
No. 14 28.1 100.0 100.0 
No. 28 60.5 100.0 100.0 
No. 48 91.4 100.0 100.0 
No. 100 98.5 100.0 100.0 
Fineness modulus 2.99 | 7.18 6.55 
Bulk specific gravity, } 
saturated surface dry 2.67 2.70 2.96 
Unit weight, lb per cu ft 
Dry loose 106.0 100.5 - 


Dry rodded | 112.0 106.9 - 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1954 


TABLE 5—AVERAGE TEST DATA FOR FRESH CONCRETE 


Cement Air content, percent 
Ww/C, Weight, content, —_——_——_—_ —)—-— —— 
ga). per sack in. Ib per cu ft sacks per cu yd | ASTM C138 Pressure 


Cement A 


Elgin aggregates 
3% 152.3 6.10 








| 
Dresser Junction trap rock with Elgin sand 
3% 156.7 


Cement B 


Elgin aggregates 

2% | 148.6 6.08 
| 
Dresser Junction trap rock with Elgin sand : 


3% 152.1 5.93 | 


Cement C 


Elgin aggregates 
3% 150.0 | 6.04 | 


having approximately 3 gal. of water in the drum as the batch of cement and 
aggregate was charged by the skip. This partially wet batch was mixed for 
30 sec and then sufficient water was added to give the desired slump and mix- 
ing was then continued for another 75 sec. It was not possible to discharge 
the concrete without leaving an appreciable coating of mortar on the drum. 
The effect of this retention of mortar by the mixer was to decrease the ratio 
of mortar to coarse aggregate in the discharged concrete below that in the 
concrete as designed. * 

The original mixes (see Table 5) were designed in the laboratory in an open 
tub mixer, 1.75-cu ft capacity, to give concretes of satisfactory workability 
at a slump of 3-4 in. with 6 bags of cement per cu yd. Mix proportions of 
the concretes as designed were as follows: 








Coarse | Mix proportions Sand, percent of 
Cement aggregate | by weight total aggregate 
Elgin gravel | 2.05 :3.66 36.0 
Trap rock :2.36 :3.45 } a 
Elgin gravel :1.74:3.86 | 31.0 
Trap rock | 72.20 :3.69 | 37.4 
Elgin gravel :1.03:3.78 33.8 








SPECIMENS AND TESTS 


Specimens in the first round of tests with each cement and aggregate 
combination consisted of four 6 x 6 x 30-in. beams and one slab 36 x 36 x 6 in. 


*In an effort to determine the extent to which this changed the mixes, the mortar retained in the mixer was 
washed into a wheelbarrow, the cement removed from it by washing with water, and the weight of the +4 and —4 
mesh aggregate determined. By assuming that the ratio of cement to sand was the same in the mortar retained 
by the mixer as that of the concrete as designed, it was possible to calculate the cement content of the discharged 
concrete. This was done for a few rounds of specimens and the data obtained for the concrete placed on November 
4, which were typical of those obtained on other rounds, are given in Table 6. 








———. 
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TABLE 6—DATA FOR CONCRETE PLACED NOVEMBER 4 





| Air content of concrete, percent 


z ASTM 


| Aggregate retained 





T 
| 
' 
| 
Cement | Batch 
| 





in mixer, lb | Cement content P 
———— , | —- ~ i - — ressure 
Gravel | Sand Designed | Actual Designed Actual 
} | mix mix 
A | 2 1. gh | Bee ees ae 1s | 3.3 1.4 
| 2 2.5 31.5 6.10 5.73 } 1.4 3.1 1.3 
| | 

Se: ¥-2 4.9 | 47.1 | 6.00 | 5.20 | 59 | 6.9 5.4 
2 4.3 41.7 | 6.09 5.26 | 4.6 5.6 5.1 

c | 1 13.9 | 25.1 6.04 5.72 3.9 aaa 
2 15.0 27.0 | 5.99 5.66 4.5 4.9 3.2 

} | 








The slab was placed in a wood mold set on a sheet of tar paper 6 in. below 
the surface of the soil and the beams were molded in sealed wood molds. 

Both the slab and beams were cured for 24 hr under several layers of wet 
burlap. Then, two of the beams, after removal from the molds, were placed 
along one side of the slab, soil was banked around the slab and the beams 
flush with their surfaces, and they were then covered with wet sand for 6 
days. The other two beams were placed in a fog room at 70 F and tested 
at 7 and 28 days for flexural strength and for compressive strength as modified 
cubes.* Strength data are given in Table 7. 

On subsequent rounds, only two beams were made and these, after 24 hr 
curing under wet burlap, were placed along one side of the slab as described 
above. At the time of first application of salt to the slabs, one beam for 
each slab was removed from the soil and stored in water in the laboratory 
for strength tests. 


*The beams were tested for flexural strength in a portable hydraulic tester and, usually, it was possible to make 
two tests on a beam. The compression machine available for testing the cubes had a maximum capacity of 200,000 
Ib total load, which was not sufficient for testing the modified cubes at 14 and 28 days. 


TABLE 7—FLEXURAL STRENGTH OF 6 X 6 X 36-IN. BEAMS AND COMPRESSIVE 
STRENGTH OF 6-IN. MODIFIED CUBES 


oR eo’ Pee oe getey Gees jae 







































































Date placed 8/8 x 8/8 | 9/4 10/8 | 10, 29) 11/4 } 11/11) 11 18) 11/ 25) 12/4 
Beams stored. | Fog room Field Field | Field | Field. | Field | Field | Field 1 Field Field 
Age in days when tested 7 28 ‘119 | 93 58 36 30 | 24 | 16 a3 9 | eo 
Cement A 
Flexural 692 | 740 | 870 | 678 | 747 | 652| 624] 612] 581 523 | 559 
Compressive | 4600 + | 5629 | 5341 + | 4710 | 4097 | 4645 | 4758 3460 3449 
Flexural* |} 531} 686); — | — — | 700! — | — | 653 
Compressive* | 3197 | t —_ — |j— 4608 | — | — | 4905 =a 
Cement B 
Flexural | 614 | 732 | 784| 675| 628| 566| 602| 612| 412| 493 | 456 
Compressive | 3431 T a | 4060 | 4441 | 4351 | 4216 | 4081 3417 | 2962 | 2599 
Flexural* | 503 | 635 — — | 569] — a | Son on ‘ 
Compressive* Fy Supe 3 We Gone Bok Pg mm - | 4308 
Cement C 
Flexural | 625 694 807 719 | 704 585 | 663 | 602 620 523 a= 
Compressive 4128 tT tT | 4318 5207 | 4095 | 4831 | 4068 | 3818 | 3402 | 2943 





*Trap rock coarse aggregate. _ 
+Strength greater than 5500 psi. 
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Fig. 1—Pop-outs of chert particles 
after first five cycles of freezing 
and thawing 


METHOD OF PLACING SLABS 


Two batches of concrete were required for each set of specimens and each 
batch was tested for slump, unit weight, and air content by the gravimetric 
and pressure methods immediately upon being discharged from the mixer. 
Each of the molds were filled slightly more than half full with the first batch of 
concrete and then filled to overflowing with concrete from the second batch. 

Beams were molded and finished in accordance with ASTM Designation 
C 31-44 for making flexural test specimens in the field. Slabs were finished 
by spading the concrete along the form edges, striking off excess concrete 
with a steel screed,* belting, and brooming. As soon as the last operation 
was completed, dikest approximately 1 in. in width and height were placed 
around the edges of each slab. Fig. 1 shows a slab after a few cycles of freezing 
and thawing. 


DATES OF PLACING 


Since this was to be a study of the effect of the age of concrete upon its 
resistance to scaling caused by the use of calcium chloride for ice removal, 
it was decided to compare concretes placed in August and September with 
those placed in October, November, and December, if possible. The first 
slabs were placed on August 8 and the last were placed on December 4. The 


dates of placing were as follows: 
Round No. 1 2 3 4 6 7 8 9 


5 
Date 8/8 9/4 10/8 10/29 11/4 11/11 11/18 11/25 





12/4 


*The screed consisted of a 4-in. channel iron approximately 6 ft long, and the screeding operation consisted of 
pressing the screed tightly against the top of the form and moving it forward approximately an inch with each 
transverse movement. ‘Three successive passes, all in the same direction, were made por f then the slab was 
allowed to remain undisturbed until bleeding stopped and the surface of the concrete began to appear dull. The 
surface was then belted with a wet canvas belt in the opposite direction of the screeding. When the concrete had 
stiffened slightly, the surface was broomed with a stiff fiber brush. 

tThese were constructed of a mortar consisting of one part of Type IA cement to two parts masonry sand by 
volume, and were anchored to the concrete with 4-in. brass bolts which extended about \ in. into the concrete 
and an equal distance into the mortar of the dike. 
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TABLE 8—TEMPERATURE DATA 

















Temperature, F | Temperature, F | Temperature, F Temperature, F Temperature, F 
Date August September October | November December 
Max. Min, Max. Min. | Max. Min. Max. Min. Max. | Min. 
| | | | 
1 83 65 69 60 | 57 | 40 54 (| Cs 46 34 | 22 
2 85 72 71 59 65 | 38 55 | 50 31 | 20 
3 - 70 44 75 | 38 60 48 38 } 26 
4 - 76 50 80 44 55 41 50 | 24 
5 MM 67 82 53 52 84 - — 46 | 31 
6 76 61 | 81 } 57 — 57 35 53 28 
7 81 58 | 80 57 | 86 | 53 59 47 55 42 
8 | 90 CU 74 54 52* 43 59 51 
9 | 86 70 88 64 71 58 48 } 41 60 54 
10 90 65 88 64 72 50 58 42 57 33 
| 
11 72 a 81 54 45 39 47 31 
12 73 52 74 55 - 53 35 46 25 
13 8O 53 67 49 57 44 54 32 28 20 
14 82 57 - - 68 37 52 32 23 14 
15 80 68 81 57 71 50 56 35 27 22 
16 | 8&3 60 77 41 52 31 40 24 
17 92 70 82 57 70 54 38 24 22 15 
18 S4 68 85 55 54 51 50 24 18 | 5 
19 87 64 87 55 54 41 57 30 28 13 
20 76 57 73 9 65 41 48 38 33 23 
21 78 56 | —- -~ 65 41 56 27 32 27 
22 87 61 | 85 55 66 41 32 19 32 26 
2 73 61 | 67 52 72 44 40 20 38 24 
24 77 55 | 77 44 77 43 48 36 32 20 
25 70 52 68 | 42 72 51 40 34 41 17 
26 77 55 86 } 53 61 44 | 46 33 33 25 
27 81 54 83 58 72 50 | 42 28 } 
28 81 58 — | 72 49 52 24 
29 67 58 - | 77 | 51 40 34 
30 66 53 59 44 77 | 65 55 32 
31 73 | 47 74 } 51 








*Recorder started. All previous data taken from weather reports as published in a Chicago paper. 


In all cases, the temperatures* were above 35 F when concrete was placed. 


FREEZING AND THAWING TESTS 

There were light frosts on several nights in the latter part of November. 
On December 3, when the specimens placed on November 25 were eight 
days old, all of the slabs except those placed on December 4 were covered 
with water to a depth of about 34 in. Those placed December 4 were covered 
with water on December 11. 

The first heavy frost occurred on the night of December 3 and on December 
4 one of the beams from each round of specimens, except those placed on 
December 4, was removed from the field and stored under water at 73 + 
3 F in the laboratory.t Ice on the slabs was melted by applications of flake 
calcium chloride and from this date on through the winter the slabs were 
kept covered with water and whenever it was frozen solid the ice was re- 
moved with calcium chloride.f 


*Table 8 gives the daily maximum and minimum temperatures for the period during which this investigation 
was in progress. During the period prior to November 8, temperatures were taken from the official daily weather 
reports of a Chicago newspaper. Those subsequent to November 8 were taken from the chart of a temperature 
recording instrument located near the site of the specimens. 

+The beams of rounds No. 4 to 8 were broken after 24 hr under water and those of rounds No. 1 to 3 were 
broken after 48 hr under water to obtain the strength at the time of the first severe freeze. The older beams were 
broken last because it was impossible to break all the beams in one day and an additional day under water would 
have little or no effect upon the strength of the older beams. The beams placed on December 4 were broken on 
December 14 at the age of 10 days as the slabs were covered with wet sand until December 11 and the first ice was 
frozen on them the night of December 12. 

tThe procedure followed was to apply 1.85 lb of flake calcium chloride to each slab (approximately 1156 sq in. 
of surface) in the morning. Five hours later, the calcium chloride was brushed off with a stiff coir broom, the 
surface of the slab was flushed with fresh water, and then 1 gal. of water was applied to each slab. 
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At the completion of each five applications of salt, surfaces of the slabs 
were rated as to degree of scaling. This was done by placing a wire grid 
divided into 25 squares on the surface of the slab and estimating the amount 
of scaling in each square, which was equivalent to 4 percent of the surface 
of the slab. A total of 55 applications of salt was made. 

“Pop-outs” of chert and argillaceous limestone coarse aggregates, as shown 
in Fig. 1, were apparent on most of the slabs in which Elgin gravel was used 
after the first two or three applications of salt. These became more 
numerous with successive applications of salt, and the mortar above other 
pieces of aggregates which were close to the surface scaled off. This type 
of deterioration seemed to depend almost entirely upon the location of coarse 
aggregate in the surface and was characterized by being scattered over the 
entire surface. In some cases, these scattered spots amounted to 6-7 percent 
of the total surface. When the scaled areas approached 10 percent of the 
surface, there was evidence that the mortar was beginning to scale off inde- 
pendently of the location of aggregate particles, and usually scaling then 
progressed fairly rapidly with each successive application of salt. 

Since the amount of scaled area in the early stages appeared to depend 
to a large extent upon the accidental location of the aggregates immediately 
below the surface, ratings in terms of percentage of scaled area did not 
appear to be an accurate measure of the resistance of the concrete to the action 
of salt. Likewise, when scaling was advanced, the scaled area depended to 
a large extent upon the amount and vigor of the brooming to which the surface 
was subjected in removing the salt solution. This made it desirable to devise 
a system of rating which would show the relative resistance of the concrete 
to scaling without emphasizing differences caused by variations in the method 
of placing and of removing scaled materia] from surfaces of the slabs. Accord- 
ingly, the results are reported as scale ratings of 0 to 5 (see Table 9). In terms 
of estimated percentage of scaled area, these are as follows: 

Scale rating 0 1 2 3 4 5 
Scaled area, percent 0-5 6-10 11-20 21-30 31-40 41-100 

As stated previously, in many cases when it was estimated that 6-7 percent 
of the surface was scaled, scaling consisted of “pop-outs” of weak aggre- 
gates and the sloughing off of the mortar from above aggregates which were 
covered with thin layers of mortar. When scaled areas approached 10 percent 
of the surface, there was definite evidence of true scaling which appeared to 
be independent of the location of the aggregates. Accordingly, a rating of 
0 indicates that there had been no deterioration of the surface which was 
directly attributable to quality of the mortar in the concrete. A rating of 
1 indicates that true scaling had either started or was likely to start with 
a few additional applications of salt, and ratings of 2, 3, and 4 indicate the 
severity of true scaling. A rating of 5 indicates that the surface had been 
damaged to the point at which the pavement would no longer be considered 
serviceable without resurfacing. The ratings for the 55 applications of salt 
are shown in Table 9. 
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TABLE 9—SCALE RATING OF SLABS 














| Average 
| Age at air content 
Round | Date | first of fresh Scaling at cycle of freezing and thawing indicated 
No. | placed freeze, concrete,t ——|—---] ere "een > 1 
| days percent 5 | 10 | 15 | 20 | 25 | 30 | 35 | 40 | 45 | 50 | 55 
Cement A 
1 | 8/38 117 2.2 0 0 0 0 0 0 0 ao hee) oe 1 
2 | 9/4 91 0.4 0 0} O 2 2 3 >| 5] ) 5 
3 10/8 56 1.8 0 3} 5 5 5 5 ) ‘. os Sf 5 
4 10/29 35 1.7 0 4 5 5 5 5 
* 10/29 35 1.3 0 5 5 
5 11/4 29 1.7 0 2 5 5 5 5 
6 11/11 23 1.7 0 5] § 5 5 5 
7 11/18 15 1.9 0 3 5 5 5 5 
* 11/18 15 1.8 0 4 5 5 
Ss 11/25 S 1.8 0 5 5 5 5 5 
9 12/4 9 1.4 5 5 5 5 5 5 
Cement B 
1 8/8 | 117 5.2 0 0 0 0 0 0 0 0 0; O 0 
2 9/4 | 91 5.4 | O} O| O| Of O | O| O| O}] O| O| O 
3 10/8 56 4.8 | eae | o| 0 0; O}; O| O}] OF} OF; O 
4 10/29 35 5.1 } O| O} O}| O} Of] O} OF} O| OF} Of] 1 
* 10/29 35 5.5 | O 0; O} O Oo; 0}; O 0 0 1 2 
5 11/4 29 5.6 0| Oo} Of oO} 1] 2] 2 | 3131 81 8 
6 11/11 23 4.9 0}; 0} OO} O a.) eT 2 ei at 43 o 
7 11/18 15 4.8 OO; O} O} O} 1] 2] 2] 8 5 | 4/ 5 
° 11/18 15 4.3 0 0; OO; O 0 0; O|; 1 5S 
s 11/25 8 4.8 Oo}; 1] 2] 2] 5] 5] 5] 5] 5] 5] 5 
9 12/4 9 | 4.7 2 4; 5 | 56 ) 5 5] 5 5 5] § 
Cement C 
1 8/8 | 117 3.2 0 | 0 0; O 0 1 1 i l 1 1 
2 9/4 91 3.6 0; O 0 0 0 0 0 0 1 1 1 
3 10/8 | 56 3.2 0; O 0 0 0 1 OB ee 1 21 2 
4 10/29 35 3.5 0; O 0 0 1 2 2; 3 2 3 5 
5 11/4 29 3.7 0 0 0 1 2 5 5 5 5 5 5 
6 11/11 | 23 3.5 0 0 0 0 1 3 3 4 5 5 5 
7 11/18 | 15 3.4 0 0 0 0 1 2); 2 2; 3 4 5 
Ss 11/25 8s 3.4 1) 1 2 31 5 5 5 5 ee 5 
9 12/4 9 3.2 4 5 5 5 5 5 5 5 5 5 5 


*Concrete made with trap rock aggregate. 
+Pressure method. 


DISCUSSION OF RESULTS 


Table 10 summarizes the freezing and thawing data. The data in this 
table require some explanation of aspects that are not obvious. The slabs 
placed on December 4 had no opportunity to lose moisture before they were 
subjected to severe freezing at the age of nine days because they were covered 
with wet burlap and sand for the first seven days and then were covered 
continuously with water. Also, the slabs placed on November 25 had no 
opportunity to lose moisture before they were subjected to severe freezing 
at the age of eight days. Slabs placed on December 4 were subjected to severe 
freezing for two weeks beginning on December 13, whereas those placed on 
November 25 received one severe freezing on December 3 and no other until 
December 13. It appears that this nine days between the first and second 
applications of salt permitted these slabs to develop considerably more re- 
sistance to attack by calcium chloride than was developed in the slabs placed 
on December 4. 


Slabs of air-entrained concrete placed on November 18 showed good 
resistance to frost and salt action, even though they were only 15 days old 
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TABLE 10—SUMMARY OF DATA FROM TABLES 7 AND 9 


Flexural strength of beams cured in fog room, psi 





Elgin sand and gravel Elgin sand and trap rock 
7 days 28 days 7 3 28 days 


692 740 5é 686 
Cement B 614 732 50% 635 
ment C 325 694 — --- 





Flexural Compressive Number of Number of 
Age at strength strength at cycles of } cycles of 
Round Date first at first first |freeze and thaw/freeze and thaw 
No. placed freeze, freeze, freeze, for true | for complete 
days psi psi scaling scaling 
t 


Cement A (air content of concrete approximately 1.5 percent) 


| 


| 
| 
| 
} 





| 
} 
CH eID wm cstom| 


559 
(air content of concrete approximately 5 percent) 


734 4905 
675 4060 
628 4441 
566 4351 
569 3344 
602 4216 | 
612 4081 
412 3417 
588 4308 
493 2962 
456 2599 








| 
| 
| 


wong 
"orcrc 
+++) 


Ss 
t+++++4+] 


tog 


i bo bo bo 
+ 
T 


-_ 


1 
2 
3 
4 
* 
5 
6 
7 
* 
8 
9 


Ot Se Se Sr Gr Gr Sa Ga Cn 


ee 
me NOC OCrOorororar oro) 





Cement C (air content of concrete approximately 3 percent) 
117 807 5500 +- 
91 719 4318 
56 704 5207 
| 35 585 4095 
29 663 4831 
| 
| 





23 602 4068 
15 620 3818 
11/25 8 523 3402 
12/4 | 9 — 2943 


IQ oto! 
SON NO NNN 


me hore WO or 


*Concrete made with trap rock aggregate 


at the first application of salt. However, these slabs, like those placed on 
November 25, had only the one application of salt on December 4 and then 
had nine days to develop strength before being subjected to a number of 
continuous cycles of freezing and thawing. Hence, these and all of the slabs 
except those placed on December 4 were actually nine days older than shown 
in the table before being subjected to severe freezing. 

The effect of unsound aggregates on scaling may be seen by comparing 
the data for slabs of round No. 7 with cement B and gravel and trap rock 
coarse aggregate. The slab made with the gravel showed true scaling after 
25 and complete scaling after 55 applications of salt; whereas the slab made 
with trap rock aggregate resisted the total 55 applications of salt without 
any scaling. 
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It is not possible to select a value for the number of cycles of freezing and 
thawing that concrete should resist in such an experiment to be certain that 
it would have a satisfactory service record. Concrete pavements will rarely, 
if ever, be continuously saturated for periods of several weeks in service nor 
are they likely to receive 25 cycles of freezing and thawing in a saturated 
condition. Hence, those slabs which did not show scaling in this study in 
less than 25 cycles of freezing and thawing probably would have given satis- 
factory service in pavement. This includes all of the air-entrained slabs 
which were at least 15 days old at the first freeze except the slab of round 
No. 5 for cement C. The reason for the poor performance of this slab is not 
known. 

As stated previously, the slabs placed on November 18 were only 15 days 
old at the time of the first severe freezing but they were 24 days old before 
they were subjected to several cycles of continuous freezing and thawing. 
It may be seen from Table 8 that the temperature during the day time from 
November 18 to December 13 was generally well above 40 F. Hence, these 
slabs had about three weeks of fairly good curing before they were subjected 
to severe freezing and thawing. It may also be seen from Table 10 that 
they had developed at least 80 percent of the flexural strength in 28 days 
storage in the fog room before being subjected to severe freezing and thawing. 

The purpose of this study was not to attempt to find a minimum age and 
strength at which it would be safe to subject air-entrained concrete to severe 
frost and salt action but, rather, to obtain data which would be helpful to the 
highway engineer in deciding whether or not it would be safe to remove 
ice from a given pavement with salt. It is evident from the results that 
quality of coarse aggregate will have to be considered, as well as age of con- 
crete and temperatures at which it has been cured, in reaching this decision. 
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Title No. 50-21 


Corrugated Box Forms for Concrete Ribbed-Slab 
Construction® 


By H. C. PFANNKUCHET 


SYNOPSIS 


Describes application of corrugated box form to pan construction and to 
slab-on-ground structures. Cost data are included. 


INTRODUCTION 


Just as the engineering profession realizes the difference between cement 
and concrete, which often does not occur to the layman, so in the container 
industry, there is a difference between cardboard and corrugated board. 

Cardboard is a general term applied to solid, fiber pasteboards built up of 
several plies glued together to form a stiff board. On the other hand, cor- 
rugated board is a thick, coarse board with alternate furrows and ridges to 
give it strength and elasticity. After being passed through a corrugating 
machine, the board is pasted to a flat sheet and it becomes what is known as 
a single-faced corrugated board. If flat sheets are pasted to both sides of the 
corrugated board, it becomes a double-faced corrugated board. 


RIBBED SLAB FORMS 


Corrugated box forms were first used for ribbed-slab construction in 
building a four-story dormitory at Southwest Union College, Keene, Texas. 
The dormitory is 44 ft 4 in. x 220 ft in plan. The first floor, which is about 
3 ft below grade, is a concrete slab on ground. The second, third, fourth 
floors, and the roof are concrete ribbed-slab construction. Each level contains 
approximately 10,000 sq ft of area 

Alternates in the plans called for nominal 8 x 12 x 16-in. lightweight con- 
crete block fillers covered with a 2!4-in. concrete slab, with 554 x 144% in. 
joists at 17-in. centers, or ribbed slabs using 12 in. deep by 20 in. wide metal 
pans with 5 x 14)%-in. joists at 25-in. centers. Details showed plaster ceil- 
ings applied directly to the underside of the slab if concrete block fillers were 
used, or metal lath and plaster ceilings at the bottom of the joists if metal 
pans were used. 

It was decided to use ribbed-slab construction. Instead of metal pans, 
however, corrugated boxes, which were left in place, were used. The boxes 
of Tiesmnted st the ACI Bouthwest Regional Meeting, Houston, Tesas, Out. 20, 1958. Title No, 50-21 ie » part 
Separate prints are available at 35 cents each. Discussion (copies in triplicate) should reach the Institute not later 


than May 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 
tField “Structural Engineer, Portland Cement Assn., Ft. Worth, Texas. 
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were 20 in. wide, 48 in. 
long, and 12 in. deep. They 
were made from flat sheets 
of corrugated paperboard 
cut to size and creased in 
the plant and shipped to 
the job for assembly. 
Added rigidity was _ pro- 
vided by stiffening ribs 
spaced about 6 in. on cen- 
ter along the length of the 
boxes (Fig. 1). This gave 
the boxes sufficient strength to withstand the combined weight of three men. 


Fig. 1—Corrugated box form with stiffening ribs 


At the job site, the sheets were set in jigs, stiffening ribs were placed, and 
the whole assembly was stapled together to form the complete boxes. The 
boxes were then removed from the jig and dipped into a vat of hot paraffin 
to coat the surfaces that would be in contact with the concrete. It required 
one man-hour to assemble and coat boxes sufficient for 100 sq ft of floor 
area. Four men assembled, stapled, and dipped enough boxes to form 
10,000 sq ft of floor area in about three days. Toward the end of the job, 
the dipping operation at the job site was eliminated and the contact surfaces 
of the corrugated sheets were paraffin coated at the factory. 


Forms for the joist soffits were made of 2 x 12-in. lumber because this 
material was readily available; 2 x 8-in. lumber could have been used for the 
5-in. wide joists (Fig. 2). After the soffit boards or pan supports were in 
place, metal lath for the ceiling was placed over the entire area and fastened 
to the soffits with stapling hammers. Lath was placed at the rate of about 
2500 sq ft per man-hr. Immediately behind the lathers, the electricians 
set boxes and ran conduit (Fig. 3). This reduced the labor necessary for 
electrical roughing-in as the outlet boxes and conduit were all in the same 
plane, eliminating the need for vertical bends in the conduit. 


When the electricians had completed their work, the corrugated box forms 
were set on the soffit boards 
and stapled in place with 
5%-in. staples (Fig. 4). It 
required four men about 
214 days to set the boxes 
for one floor, about 10,000 
sq ft, or about 125 sq ft 
per man-hr. Where neces- 
sary, holes for utility lines 
or slots around electrical 

Fig. 2—Joist soffit forms being placed conduit were cut with pock- 





CORRUGATED BOX FORMS 


et knives and additional 
stapling was done as re- 
quired. 

When formwork was 
completed, steel reinforce- 
ment was set in the joists 
and welded wire mesh slab 


reinforcement was placed Fig. 3—Soffit and ceiling lath in place. Electrical conduits 
(Fig. 5) and boxes being installed 


Concrete for the first suspended floor (the second story) was placed with 
an ordinary bottom-dump bucket and a crane. For the third and fourth 
floors and for the roof, concrete was raised by a hoisting tower and conveyed 
in buggies. The rigidity of the corrugated boxes made it unnecessary to use 
trestles to support the runways which consisted of 1 x 12-in. lumber battened 
together into sections about 5 x 10 ft. These battens were laid directly over 
the mesh which served to distribute the load of the buggies to some extent. 
Two internal type spud vibrators were used to consolidate the concrete. 
There were no failures of the corrugated boxes during construction due to 
runway loads, concrete placing, or vibration. 


In this structure it was necessary to leave the corrugated box forms in 
place. Experimental work and additional studies since then have developed 
a method for using corrugated box forms which permits them to be removed 
without difficulty. With reasonable care in erection and stripping a con- 
tractor may get from one to three re-uses from the corrugated boxes. 


GROUND FLOOR SLAB 


More recently a slightly different use has been made of corrugated box 
forms to overcome a situation that frequently is a problem. 

There is now under construction in Corpus Christi, Texas, a 14,000-sq ft 
two-story office building. The finished first floor is to be about 12 in. above 
grade, which generally would require a concrete slab on fill. However, the 
engineers hesitated to use a slab on fill in this case due to the expected in- 
stability of the underlying 
material; hence the floor 
was designed as suspended 
beam andslab construction. 

Plans called for the 
ground to be leveled off 6 
in. below the underside of 
the slab and then the en- 
tire area covered with 6 in. 
deep by 24 in. wide cor- 


rugated box forms. Alter- 4—Corrugated boxes being set after completion of 
nate rows of boxes had electrical roughing-in over ceiling lath 
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14% in. wide horizontal 
projections at the bottom 
to permit spiking to the 
ground. When these rows 
are in place, intervening 
rows without horizontal 
projections are set in place 
(Fig. 6). Beams to be cast 
integral with slabs are 
formed specially. 

With this forming meth- 
od, it is believed that any difficulty due to unstable ground can be eliminated. 
If the ground shrinks, the floor will act as a suspended beam and slab system. 
If the ground swells, there is room for about 6 in. of vertical movement of 
the ground before any appreciable pressure could be exerted against the 
underside of the slab. 


f nvepmem hy | 
Fig. 5—Beam reinforcement in place. Wire mesh for slab 
being laid 


COSTS 


Naturally, the wider shallower boxes are lowest in cost and the narrower 
deeper boxes are highest. Material for 30 in. wide boxes ranges from 12.1 
to 20.3 cents for 6 to 14 in. depth and material for 20 in. wide forms ranges 
from 14.1 to 24.0 cents for 6 to 14 in. depth per sq ft of horizontal area covered 
by the boxes. These prices are f.o.b. plant in Texas and include one end 
closure and seven stiffening ribs per 48 in. long box and paraffin coating on 
those surfaces which will be in contact with concrete. 

Bidders on a dormitory for Baylor University at Waco, Texas, were quoted 
a price of $5700 for material for the corrugated boxes, f.o.b. job. The three 
floor slabs and the attic slab have a total area of about 59,000 sq ft, out to out 
of concrete. This figures just under 10 cents per sq ft. The framing system 
generally is 4 x 8-in. joists on 24-in. centers using 6 x 20-in. metal or corrugated 

box forms, with a 2-in. slab 
over the forms. The joists 
are supported on wide 
beams of the same depth 
as the joists. 

On a recent job in which 
they were used, corrugated 
boxes were assembled and 
stapled by two carpenters 
with a labor cost of just 
under 2 cents per sq ft of 

Fig. 6—Box in place to form ground floor beam and slab ~— horizontal form area. 





Title No. 50-22 


Strap Steel for Prestressed Concrete Structures” 


By K. P. MILBRADTT 
SYNOPSIS 


A new type of prestressing steel—strap steel—is introduced as offering 
possible economy for this type of construction. Tempered spring steel, 0.048 
x 0.625 in., having an average ultimate strength of 215,000 psi and a yield 
strength of 182,000 psi was used. Economical prestressing clamps were 
developed. This type of prestressing was then applied to a test beam. 

Specific conclusions from the test were: (1) the strap was easily handled, 
placed, clamped, and stressed either singly or multiply in one operation; 
(2) bond was sufficient to transfer the prestressing force; and (3) ultimate 
load deflection for the test beam was obtained with little elongation of the 
steel. 


PRESTRESSING STEEL INVESTIGATION 


The economies of prestressing steel and the labor of installation in many 
instances determine the feasibility of a prestressed concrete structure. With 
this thought foremost, comparisons and tests of methods and materials 
suitable for prestressed frame construction were performed by the Department 
of Civil Engineering, Illinois Institute of Technology, in 1951 for the U. 8. 
Naval Civil Engineering and Evaluation Laboratory. It was determined 
that for this project the usual prestressing steel wire was deficient in bond 
transfer of the prestressing force. In addition, simple and economical pre- 
stressing clamps and internal anchorages were not feasible, nor could the wire 
be easily handled and curved into various shapes. 

A “band” or “strap” steel of sufficient strength and particular ratio of 
perimeter to cross-sectional area appeared to meet the requirements of the 
project. Tempered spring steel, 0.048 x 0.625 in., exhibiting an average 
ultimate strength of 215,000 psi and a yield strength (0.1 percent offset) of 
182,000 psi was used. The stress-strain curve for the strap is illustrated in 
Fig. 1. The ratio of perimeter to cross-sectional area for the strap is 45, or 
equivalent to the ratio obtained from a wire 0.089 in. in diameter. Thus, 
for equivalent surface conditions and stress, the bond transfer of prestress 
by the strap steel may be expected to approximate that of the 0.089-in. 
diameter wire, while the area of the strap is 4.75 as great as the wire area. 
The strap obtained for use in the laboratory tests and construction had a 
blued surface with no scale. 


*Received by the Institute Feb. 16, 1953. Title No. 50-22 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete InstituTE, V. 25, No. 5, Jan. 1954, Proceedings V. 50. Separate prints are available at 35 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than May 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

t+Member American Concrete Institute, Assistant Professor of Civil Engineering, Illinois Institute of Technology, 
Chicago, Ill. 
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Fig. 1—Stress-strain curve for 
spring steel strap 
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The strap was commercially available, hence accepted, but the surface 
conditions may be varied at will by the rolling mills. The strap cost $28 
per cwt in small quantities; however, production would probably lower the 
cost to $19 per cwt. The rolling mills, if sales demand, may be able to reduce 
costs and increase bond strength by eliminating the bluing and a final roll 
operation of the strap. In addition, a strap of 300,000 psi strength or greater 
may be developed with protrusions on the surface to better accommodate 
bond transfer of the prestressing force. At present there is a variety of 
suitable strap steel available, of which 0.062 x 1 in. is the largest. 


Economical prestressing clamps have been developed for the strap steel. 


Fig. 2—Prestressing clamp for 
eight straps 





STRAP STEEL FOR PRESTRESSED CONCRETE 


Fig. 3—Cross section of test beam 
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These clamps have been used to hold 18 straps for prestressing in one operation 
to 67 kips, or 124,000 psi stress. Fig. 2 illustrates such a clamp for an eight- 
strap cable. Test of the 0.048 x 0.625-in. strap to ultimate load demonstrated 
that the strap fractured outside the clamps 50 percent of the time with the 
straps developing 212,000 to 216,000 psi in all tests. Other economical 
methods of holding the strap have been developed and used in laboratory 
post-stressed concrete construction. 


In a similar vein a German publication, “Spannverfahren Monierbau,”’ 
obtained from the book Werberbuch, published in the spring of 1952, introduces 
the use of oval steel in Germany. The oval steel has protrusions, or ribs, on 
the surface which allows bond stress to develop the full strength of the steel 
in 41% to 5 in. of embedment in high strength concrete. The oval steel is 
approximately 0.314 x 0.110 in. with a usable cross-sectional area approxi- 
mately equivalent to that of a 0.197-in. diameter wire. The steel exhibits 
a yield strength of 207,000 psi with an ultimate strength of 235,000 psi. 
This steel was first used in 1951 for the reconstruction of a bridge over the 
Lech River near Mundrachingan, Germany. 


STRAP STEEL APPLIED IN CONSTRUCTION OF PRESTRESSED BEAM 


A 21-ft beam (cross section illustrated in Fig. 3) was constructed initially 
to acquaint laboratory personnel with instrumentation and high strength 
concrete problems in addition to application of strap to prestressing. The 
beam was designed for a constant eccentricity of the resultant force with an 
I-shape concrete section and an ultimate concrete strength of 6000 psi with 
f. = 0.45 f’... The percentage of steel was 0.54. 


Stress distribution for various loading conditiens is illustrated in Fig. 4, 
and the 6 x 12-in. concrete cylinder 28-day stress-strain curve in Fig. 5. 
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~195 Fig. 4—Concrete stresses (psi) at 
centerline of beam 
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BEAM TEST RESULTS 


It is of interest to note that the strap was stressed to 155,000 psi initially 
and prestress transfer losses created by the buttresses reduced the working 
stress to 120,000 psi. Fig. 6 is a view of one end of the beam before transfer 
of the prestress. The upward deflection at prestress transfer was measured 
as 0.205 in. while the calculations with EZ, = 3.4 X 10° psi (obtained from a 
test cylinder) indicated 0.190 in. The beam was tested as a simple span of 
20 ft, using third-point loading. 

Test results in the elastic range (before cracking) agreed well with the com- 
putation of deflection and stress. The modulus of elasticity obtained from 
the 6 x 12-in. concrete cylinders appeared to represent the modulus of elasti- 
city of the concrete in the beam. 
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Fig. 5—Stress-strain curve for 
0002 0004 .0006 .0008 .COI0 .00!I2 Coheiete test cylinders—28 





STRAP STEEL FOR PRESTRESSED CONCRETE 


Fig. 6—End of prestressed beam 
before transfer of prestress 


The most interesting experimental curve is that of moment versus de- 
flection (Fig. 7). This curve presents two characteristics of prestressed 
concrete that are important to recognize. The more obvious of the two is 
the 9-in. centerline deflection before failure. Fig. 8 shows the beam just 
prior to failure. The 9-in. deflection represents 1/26.7 of the span with a 
depth to beam span ratio of 1/22.9. Ultimate deflection of the beam was 
large, with the centerline strain gages in the steel indicating strains of ap- 
proximately 9 X 10° in. per in. The latter supports a conclusion that a 
simple prestressed beam may achieve large deformation with a relatively 


small elongation of the prestressing steel. The strap steel exhibited 5 percent 
elongation at fracture, and only 20 percent of this elongation was developed 
in the beam test. It is suggested by the writer that prestressing steel needs 
only 2 percent elongation at fracture to achieve large deformations in properly 
designed simple beams. 


The second important characteristic emphasized by the curve is_ the 
separate linear relation before and after cracking of the concrete. The 
ratio of moment to deflection before cracking was approximately five times 
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Fig. 7—Centerline deflection of ie. 
test beam L.L+0.L. MOMENT—— FT. KIPS 
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Fig. 8—Test beam with 9-in. 
deflection just before failure 


greater than that after cracking. This change in stiffness mentioned is not 
as important in determinate as in indeterminate prestressed concrete structures 
where a redistribution of moments takes place with tensile failure of the 
concrete. 


The test result that is significant, concerning the use of strap steel, is the 
completely satisfactory performance. of bond transfer of the prestress force 
up to failure of the beam. A dial gage was attached to the lowest straps 
at one end of the beam and the dial tip rested against the concrete. There 
was no measured relative movement between the straps and concrete at the 
ends. In addition, the cracks closed in the center portion of the beam after 
failure took place under a third-point load. The complete bond transfer is 
further substantiated by the strain gages indicating a concrete compressive 
stress existing between the cracked sections as tensile failures occurred. 


ULTIMATE LOAD COMPUTATIONS 


Ultimate load computations follow those of Cox* and Abeles.t The area 
of steel A, for the beam equals 0.24 sq in. The area of concrete in com- 
pression at ultimate load may be computed as: 

Ag (fe) ultimate = f.’ (A-) ultimate 

0.24 X 215,000 = 6200 x A. 

A, = 8.35 sq in. 

6 a = 8.35 + (1/2)? = 8.60 sq in. 

a = 1.43 in. 
d = 2.57 + 5.25 — 1.43/2 = 7.11 in. 


0.24 X 7.11 X 215,000 = 366,000 in.-lb (or 30,500 ft-lb as compared with 30,300 ft-lb 
actual) 


The close agreement between calculations and experimental results is 
interesting, especially since the ultimate strength of the 6 x 12-in. concrete 
cylinder was used in the calculations. 


*Cox, Kenneth C., ‘‘Tests of Ratefenned ." Beams with Recommendations for Attaining Balanced Design,” 
ACI JOURNAL, Sept. 1941, Proc. 38, p. 

tAbeles, P. W., “The Use of High Sivenath Steel in Ordinary Reinforced and Prestressed Concrete Beams,” 
Fourth Congress, International Assn. for Bridge and Structural Engineering, 1952. 





STRAP STEEL FOR PRESTRESSED CONCRETE 


CONCLUSIONS 


Specific conclusions from the test results may be made with respect to the 
application of strap steel to prestressing. They are: (1) the strap was 
easily handled, placed, clamped, and stressed either singly or multiply in one 
operation; (2) bond was sufficient to transfer the prestressing force; and (3) 
the ultimate load deflection for the test beam was obtained with apparently 
little elongation of the steel. 


In addition to these specific conclusions, it is thought, from application 
experience, that strap steel will introduce economies into present prestressed 
concrete construction. Use of the strap in large quantities will undoubtedly 
introduce refinements in the strap and clamps that will further reduce costs. 








Title No. 50-23 


Studies on the Cementitious Phases of Autoclaved 
Concrete Products Made of Different Raw Materials* 


By GEORGE L. KALOUSEKT 


SYNOPSIS 


Physical tests on sand and giavel units made with different constant- 
weight mixtures of lime and cement in fixed proportions to the aggregate indi- 
cated that strength was directly proportional to unit weight of the raw block. 
At any given density, strength was largely independent of the cement to lime 
ratio. Cement generally increased the densities more than did the lime and, 
therefore, generally showed better strengths. Drying shrinkage appeared to be 
independent of the lime-cement proportions in sand and gravel units. 

In chemical tests using aggregate fines, compositions of autoclaved lime- 
cement-silica (quartz) solids ranged in composition from about 0.9 to 1.3 mols 
of CaO per mol of SiO, (C/S ratio) providing that silica was present in a suf- 
ficient amount. Solids made from mixtures deficient in silica contained, in 
addition to the 1.3 C/S hydrate of the 0.9-1.3 C/S series, a poorly crystallized 
form of alpha-type dicalcium silicates hydrate. Reaction solids made with 
pumice and shale also approached low-lime compositions of about 1.0 C/S 
Structure-wise these products are closely related to 0.9 to 1.3 C/S series made 
with silica fines, but extended in composition to values as high as about 1.5 C/S 
These, and the phases which extended in composition above a 2.0 C/S ratio, 
did not undergo any apparent recrystallization to the alpha-type hydrate. 
Differential thermal analysis, in conjunction with chemical analyses, made it 
possible to differentiate between solids phases of different C/S ratios made 
of a given aggregate, or products of a given C/S ratio (from about 0.9 to about 
1.3) made with different aggregates. 


INTRODUCTION 


Autoclave curing of concrete block is being recognized as a practical solution 
of the drying cracking problem of concrete masonry walls. Another ad- 
vantage of autoclave processing is that many kinds of silica-bearing materials 
react with various types of lime-bearing materials to form cementitious 
solids that are not found in low-pressure steam or moist-air-cured products. 
Exploitation of cheap raw materials which otherwise would not be feasible 
is possible in autoclave processing. 

Widespread production of lightweight cellular concrete in Europe leaves 
little doubt as to the practicability of autoclaving using such materials as 
fly ash, calcined clay or shale, silica dust, blast furnace slag, and brick rubble. 

*Received by the Institute Feb. 4, 1953. Title No. 50-23 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Instirute, V. 25, No. 5, Jan. 1954, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than May 1, 1954. Address 18263 W. McNichols 


Road, Detroit 19, Mich. 
tMember American Concrete Institute, Research Foundation, University of Toledo, Toledo, Ohio. 
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TABLE 1—OXIDE COMPOSITIONS OF RAW CEMENTITIOUS CONSTITUENTS AND 
INSOLUBLE RESIDUES OF AGGREGATE FINES, PERCENT 


| | Ignition |Insoluble 
| RO | i 


| 0.16 
iji— | 


|} Si 
Hydrated lime 0. 
Cement 21 
Silica fines | 99 
| 


> 


AlsOs | FeO: | CaO 
| — 


Nax0 | K:0 | SOs | 


loss residue 

Ceca Byencinell 

j; - . 2, | 

f — | 4. 09 | — 

= * 99.4 

| 8.0 | ~ poo 1880 

| — 0.0 | 0. 90.0 
an et 0.2 


wo] k 
corsa! ene | 


Pumice fines 71. 
Shale fines 59. 
Slag fines 35.6 


wuIwoS 


eo 


“*NaxO and K20 as Na2O. 


The lime constituent is introduced as low- or high-grade lime, or portland 
cement, depending on availability of raw materials and type of processing. 
In practice, autoclaving of concrete block differs widely from that of cellular 
concrete. Fundamentally, however, the reactions of lime and silica may 
be assumed to be the same for both types of products for any given raw 
materials. 

An important source of silica is the fines of the aggregate itself, provided 
the latter, such as silica sand, sintered or expanded shales and clays, pumice 
and others, react in the autoclave. Theoretically, the fines may represent 
up to approximately one-half of the cementing materials required, the other 
half being lime as low- or high-grade lime or portland cement. 

It appeared that a study on partial substitution of lime for cement in 
concrete block mixes would yield some valuable information; the National 
Lime Assn. sponsored such a project. It was evident that if the results 
were to be applied practically, specimens would have to be made on a com- 
mercial vibtatory concrete block machine. Fabrication of such specimens 
in this study was restricted to sand and gravel units. 

Information on representative aggregate was obtained from chemical 
studies of silica sand, expanded shale, expanded slag, and pumice. In this 
phase of the study the primary objective was to ascertain the composition 
of the reaction products made from the fines of the different aggregates in 
combination with various proportions of cement and lime. Reaction prod- 
ucts were identified by differential thermal analysis (DTA). Application 
of this method has been previously described':? and discussed further before 
the Third International Symposium on the Chemistry of Cements.*4 


MATERIALS AND METHODS 
Materials and mixes 

The raw cementitious materials included a locally produced portland cement, commercial 
hydrated lime from Mississippi, finely ground Ottawa silica sand, pumice from New Mexico, 
and expanded shale and expanded slag from Ohio. All aggregate fines were reduced to pass a 
No. 200 sieve. Chemical analyses of these materials are presented in Table 1. A neutralized 
solution of Vinsol resin equal to 0.025 percent solid by weight of total cementitious materials 
was used in some of the tests. 

Specimens for strength and drying shrinkage were made with a blend of sand and gravel 
from Michigan as used by a local block producer. Table 2 gives the sieve analysis of this 
blend. The mix proportion was one part of total cementing materials (mixture of lime, 
cement, and the silica fines) to ten parts of sand and gravel by weight. 
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TABLE 2—SIEVE ANALYSIS OF SAND AND GRAVEL COMPOSITE USED IN 
PHYSICAL TEST SPECIMENS 


Aggregate passing U. 8. Standard series, percent by weight 


No. 4 No.8 | No. 16 | No. 30 No. 50 No 


75 act ae 32 21 


Methods 

Physical—Physical test specimens were molded as 2 in. wide slabs, 7 in. high and 155% 
in. long, in a specially designed mold on a Gene Olsen commercial block machine. These 
were autoclaved for 7 hr at a steam pressure of 125 psi, then cut lengthwise into 2 x 2-in. 
bars. Three bars from each mix were provided with stainless steel ball bearings in the end 
faces. The balls were secured with dental cement in previously drilled recesses, and served 
as reference points in volume change measurements. The specimens, saturated prior to test- 
ing, were dried at 25 percent relative humidity and 73 F to a stable length and weight. Length 
changes were determined with a comparator equipped with a dial micrometer graduated 
in divisions of 0.0001 in. and weight changes were determined in the usual manner. 

Transverse strengths were obtained on sets of three bars using a 10-in. span and single- 
point loading at midspan. The halves of the broken bars were capped with a proprietary 
capping compound and tested as modified cubes with a special jig covering a 2-sq in. prism 
section of the bar. 

Chemical—Samples for chemical tests were made of various amounts of the cementitious 
ingredients (as given in Table 5) and 0.7 parts of water by weight of dry mix. The resulting 
slurries were placed in nickel crucibles and processed in the autoclave, generally simultaneously 
with the slabs. Some specimens were also autoclaved for 24 hr. The samples after indu- 
ration and while still in the crucibles were dried at 110-120 C for 16 hr and then ground to 
pass a No. 200 sieve. 

These samples were analyzed for insoluble residue, and the loss on ignition was obtained 
(ASTM Designation C 114-47). Untreated ground aggregates were analyzed similarly to 
ascertain their degree of solubility in the reagents used in the test for the insoluble residue. 

Portions of the samples were analyzed thermally using the DTA equipment described 
previously.! 


RESULTS OF PHYSICAL TESTS 
Strengths 


To ascertain if physical properties would be the same for different pro- 
portions of cementing constituents (lime, cement, and silica fines) a number 
of preliminary tests were made for strength. Reproduction of results regard- 
less of composition of the raw cementing mixes was relatively poor. Vari- 
ations were of such magnitude as to obscure any correlations between mix 
compositions and strengths. 

Poor reproducibility was considered to be due to the following. (1) There 
is no simple water to strength relation for the dry harsh mixes used for con- 
crete units as there is for plastic concrete mixes. (2) The amount of water 
added to the mix was determined by the “palm” test.* Thus, the amount 
of water used was not always reproduced in reaching the desired degree of 
moisture. (3) Since Vinsol resin was used in most of the preliminary tests 


* ‘T he palm test for determining the proper amount of moisture calls for firmly squeezing a small handful of the 
mix between the palms of the hands and slowly rotating one hand relative to the other. If free moisture is not 
detected the mix is « sonsidered too dry and more water is added. A relatively large amount of free moisture indicates 
an excessively wet mix. 
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T T Fig. 1 —Plot of data showing relationship be- 

tween strength and unit weights of block con- 

cretes made of sand and gravel, the cementing 

solids consisting of lime and cement in various 

proportions. Open circles represent over- 
sanded mixes 
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it was considered possible, because of variations in total mixing time, that 
the air content varied from mix to mix. 

To ascertain how the amount of mixing water might affect the strengths, 
five series of mixes of different proportions of lime, cement, and silica fines 
were prepared in three degrees of wetness. One of these was made to show 
a trace of free moisture in the palm of the hand and was considered to be 
of satisfactory moisture as required in plant practice. Another mix was 
made drier than normal, and the third mix was definitely on the wet side, 
but not so wet that the green ware would slump during the stripping and 
handling operations prior to autoclaving. All mixes were made in duplicate, 
one with addition of 0.025 percent Vinsol resin by weight of dry cementing 
materials and the other without any addition. 

Compositions of the raw cementing mixes, strengths, and related data 
are given in Table 3. Strength and corresponding densities of the raw mixes 
are plotted in Fig. 1 for specimens made without Vinsol resin. Actually 
Vinsol resin had two effects, one of which is readily apparent in an examination 
of the results for corresponding mixes with and without Vinsol resin in Table 
3. A general decrease in strength is apparent for the air-entrained specimens. 
The second effect is apparent by comparing the strength-density point of 
each mix against the correlation shown in Fig. 1 and will be mentioned further 
following consideration of the plotted data. 

The strength—-unit weight results appear to show nearly a straight line 
relationship in Fig. 1. Since the unit weight expresses indirectly the degree 
of compaction of the concrete, it follows that strength is largely dependent 
on the degree of compaction, or conversely, on the amount.of air voids present 
exclusive of those due to Vinsol resin. A second significant point shown by 
Fig. 1 and Table 3 is that the strengths were not related to the composition 
of the cementing mixture at any given density. However, cement generally 
increased the density compared to that of the lime mixes, and therefore 
increased the strengths. 
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TABLE 4—SHRINKAGE AND MOISTURE CONTENT OF SAND AND GRAVEL BARS 
AT 25 PERCENT RELATIVE HUMIDITY 





| Raw mix compositions, cement: lime 
Age, | a, | ——_ , —_——— - \— - 
100:0 | | 2 | 70:30* | 40:60 | 40:60* 


Shrinkage, percent 0.004 | 0.008 0.013 
Moisture content, percent 1 53 5 : 33 38 20 
Shrinkage, percent 10-14t 0.015 | 0.015 | 0.016 0.018 | 0.017 | 0.021 
Moisture content, percent 14-18f 7 | Ss 6 8 6 6 


i J J i 


*Silica fines added in amount of 3.5 percent by weight of aggregate without change in amount of lime or cement. 
tTime required for stabilization of length. 
tTime required for stabilization of moisture content. 





The relation in Fig. 1, apart from the purpose it served in this study for 
explaining large variations in strength, may represent a useful generalization 
in the study of concrete products. Although as mentioned, a 1:10 mix of 
fixed aggregate gradation was used throughout the present series, two results 
of exploratory studies on deliberately oversanded cement and sand and 
gravel mixes of slightly different water contents are plotted in Fig. 1 as open 
circles. These fall close to the curve of the other values. This observation, 
although too limited in scope for any definite generalization, indicates that 
changes in gradation will not necessarily cause departures from the relation 
of Fig. 1. 

If the results on specimens containing Vinsol resin were plotted in Fig. 1, 
about half the points representing low densities would fall on the curve but 


the remaining ones would lie below the curve. This suggests that in the 
specimens of the heavier unit weights the small air voids introduced by the 


air-entraining agent caused a reduction in strength above that due to improper 
compaction. 


Drying shrinkage 

Drying shrinkages of experimental sand and gravel bars during stabili- 
zation in air at 25 percent relative humidity are given in Table 4.* The 
mix proportion was 1:10 by weight, and the aggregate gradation is given in 
Table 2. The ratio of lime to cement is indicated in Table 4. The aggre- 
gate contained 4 percent fines, an amount considered sufficient or nearly 
sufficient for the formation of desired reaction products. Duplicate tests 
with the addition of 3.5 percent silica fines by weight of aggregate were made 
to ascertain if excess fines, and therefore excess paste, had any effect on 
shrinkage. 

The weight and length of the bars following saturation in water served as 
the reference value for computing the shrinkage and moisture content 
reported in Table 4. The shrinkages, 0.015 to 0.017 percent, of the specimens 
without added silica were the same within limit of experimental errors for 
lime-cement blends containing up to 60 percent lime, the highest amount 
used. Shrinkage, therefore, may be considered to be independent of the 
amount of lime replacement. Presence of excess silica fines resulted in a 


c 


*The method followed in these tests is described in the report “Relation of Shrinkage to Moisture Content in 


Concrete Block,” by George L. Kalousek, Richard J. O’Heir, Kenneth L. Ziems, and Edwin L. Saxer, ACI JourNat, 
Nov. 1953, Proc. V. 50, pp. 225-240. 
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small but apparent increase in shrinkage from 0.016 percent, the average 
value, to 0.021 percent for specimens made with the 60 percent lime replace- 
ment. Large amounts of fines may be undesirable in mixes containing large 
lime replacements. 

Two commercial autoclaved sand-lime block were tested simultaneously 
with the preceding specimens and these showed shrinkages of 0.014 and 
0.035 percent. So large a difference is not unprecedented; Bessey’ reported 
values ranging from 0.003 to 0.055 percent in a group of 15 commercially 
produced sand-lime brick. In an ultimate analysis this large a difference 
in shrinkage is almost unbelievable. The value of 0.003 percent is so small, 
being only about one-fourth as large as that of properly made and auto- 
claved sand and gravel concrete block, that it may be said for all practical 
purposes that the brick had a constant volume. The value of 0.055 percent 
by contrast is so large as to question the merits of autoclaving. It is evident 
that an understanding of the basic reasons for such variations is important. 


General observations 

Compositions containing lime and silica fines or a high proportion of lime, 
relative to the amount of cement, mixed, handled, and molded like those 
containing no additions of lime. Although it is not apparent why hydrated 
lime decreased instead of increased the degree of compaction, the particle 
size of the dried commercial product is a factor that probably should be 
considered before any conclusions are drawn. If the grains were relatively 
large and porous it would follow that the resulting paste would have a greater 
volume per unit weight of cementing materials and this would contribute 
to a decrease in density and therefore lower strengths. The use of freshly 
slaked quicklime in similar tests as those reported here should be helpful 
in showing if the inherent plastic property of calcium hydroxide will increase 
the moldability of harsh concrete block mixes. 

The texture of all well compacted specimens appeared to be the same 
regardless of lime to cement proportion. Additions of lime resulted in nearly 
white or completely white block. 


RESULTS OF CHEMICAL STUDIES 


General considerations 

Recent studies of the lime-silica-water system are helpful in resolving the 
composition and nature of the cementitious phases of commercial hydrous 
calcium silicate products. Results of DTA and lime extraction tests’ indicate 
that two types of gel-like solids form at room temperature. One has a compo- 
sition ranging from 0.8 to 1.33 mols of CaO per mol of SiO, (C/S ratio) and 
is characterized by a single x-ray diffraction pattern for all compositions. 
Taylor® observed the same x-ray diffraction results and suggested that the 
composition might extend from 1.0 to 1.5 C/S, but later’ considered the 
0.8 C/S ratio to represent the low-lime end composition of the series. The 
second phase isolated at room temperature manifested the same or nearly 
the same x-ray diffraction pattern as 0.8-1.33 C/S hydrates and had a C/S 
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ratio between 1.7 and 1.8. Although the exact composition was not 
established it probably does not vary significantly from 1.8 mols of CaO per 
mol of SiO. and will therefore be designated as the 1.8 C/S hydrate. This 
phase is highly unstable in solutions used for extracting free lime, whereas, 
the 0.8-1.33 C/S hydrates were all stable. Also the DTA curves’ for the 
lime-rich solid were markedly different from .those of the 0.8-1.33 C/S 
hydrates. Structurally, as suggested by x-ray diffraction studies, all the solids 
forming at room temperature are highly similar. Chemical and physical 
properties, however, of the low-lime phases differ markedly from the 1.8 
C/S hydrate. This is highly important because the 0.8-1.33 C/S hydrates, 
as will be shown, are formed as the end products in autoclaved concrete 
units, and the 1.8 C/S hydrate probably occurs as a hydration product of 
cement and water at ordinary temperatures. 

At steam pressures used in commercial production of concrete ‘units (100 
to 150 psi), low-lime hydrates ranging from 0.8 to 1.25 C/S and either the 
same as, or similar to, members of the 0.8-1.33 C/S fines formed at room 
temperatures. The 1.33 C/S hydrate invariably decomposed in the auto- 
clave to the 1.25 C/S phase. The other product forming from the 1.33 C/S 
hydrate during autoclaving was identified as the alpha-type dicalcium silicate 
hydrate.* 

The 1.8 C/S hydrate could not be prepared at steam pressures of about 
100 to 150 psi.* Although the autoclaved solid invariably had a composition 
close to 1.8 C/S it differed in other respects, particularly x-ray diffraction, 
from the solid forming at room temperature and is described elsewhere.‘ 
In this report it is simply designated as the partially recrystallized 1.8 C/S 
hydrate. This intermediate phase always converted to the alpha-type 
hydrate, the conversion being slow at lower steam pressures, but relatively 
rapid at pressures of about 125-150 psi. Because of this variable rate of 
recrystallization the partially recrystallized 1.8 C/S hydrate may or may 
not occur in commercial autoclaved calcium silicate units. 

The over-all composition of any hydrous lime-silica product is readily 
ascertained by chemical analyses following standard procedures provided, 
of course, that the aggregate is not soluble in the acid. Bessey® carried out 
analyses on 21 autoclaved commercial sand-lime brick and reported the 
composition to range from 0.97 to 1.77 C/S. Kalousek and Adams? observed 
that cement-silica mixtures autoclaved for 24 hr at 175 C consisted of the 
0.8-1.25 C/S hydrates or mixtures of the 1.25 C/S hydrate phase and the 
alpha-type hydrate depending on the over-all C/S ratio of the reaction 
product. Taylor’? recently published x-ray diffraction and composition 
(1.28 C/S) data on a commercial cellular concrete and showed it to be a 
member of the 0.8-1.25 C/S series of hydrates. 


On the basis of! the foregoing discussion it is assumed that commercial 
hydrated calcium silicate products may occur as the 0.8-1.25 C/S hydrates, 


._ *The alpha-type hydrate is a well crystallized solid discovered by Thorvaldson and Shelton,* and was later 
considered to be a dicalcium silicate hydrate. More recently® it has been demonstrated that this solid has a 
variable composition of about 1.8 to 2.4 CaO:SiO2:1.00 to 1.25 H20. 
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TABLE 5—COMPOSITIONS OF RAW MIXES AND REACTION PRODUCTS FORMING 
AT 125 PSI STEAM PRESSURE IN 7 HR EXCEPT AS NOTED 





Composition of raw mix Composition of reaction product 
Type ————— ; —__— ans Sata - seaiahenaat tidak bdsehdiaisteksiphthidacen tcomiatiabian 
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*The 24-hr products showed C/S ratios of 1.07 and 1.02 in place of these 7-hr results of 1.11 and 1.03, respectively. 
+The 24-hr products showed C/S ratios of 1.05 and 1.02 in place of these 7-hr values of 1.10 and 1.04, respectively. 


mixtures of the 1.25 C/S phase and the partially recrystallized 1.8 C/S 
hydrate, or mixtures of the 1.25 C/S phase and the alpha-type hydrate. 
The availability of silica for reaction, the temperature, and time of reaction 


are factors of probably equal importance which determine the kind of calcium 
silicate hydrates formed during autoclaving of sand-lime brick. The effect 
of different silica-bearing aggregates is also important and was studied. 
Aggregates were selected to represent a series of decreasing silica contents 
and, therefore, increasing amounts of contaminants. 

Silica (quartz fines) 

Representative results on the lime-cement-silica products are given in 
Table 5. In Fig. 2 are included representative DTA curves for different 
compositions of the reaction solids. Differential thermal analysis showed 
that the solids of comparable corrected compositions (for example the 1.0 
C/S hydrate) were the same regardless of the kind of lime-bearing raw in- 
gredient, lime or cement, or mixtures of these two. These results, therefore, 
confirm those on strength and shrinkage which were also shown to be un- 
affected by the cement-lime ratio of the mix. 

The low-lime hydrates in these tests had compositions of about 0.9 to 
1.3 C/S and were characterized by exothermic peaks at 840-860 C. The 
exothermic reaction occurs at the temperature at which the last trace of 
water is driven off and while the dehydrated solid recrystallizes. Further 
details of this reaction have been published elsewhere.'! Reaction solids 
even slightly richer in lime than the 1.3 C/S hydrate, for example the 1.42 
*/S product represented in Fig. 2, showed DTA curves differing from those 
of the low-lime products. The 1.42 C/S hydrate manifested a prolonged 
depression between 400 and 500 C. As the C/S ratio increased, the change 
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Fig. 2—Differential thermal analysis curves of autoclaved aggregate fines products. The C/S 
ratios pertain to the cementing phase 


became more pronounced as indicated by the curve for the 1.75 C/S hydrate. 
The irregular depression between 430 and 540 C characterized the partially 
recrystallized 1.8 C/S hydrate in an advanced state of recrystallization. 
Comparison of chemical results for 7- and 24-hr samples (see footnote 
Table 5) indicates that the members of the 0.9-1.3 C/S series of hydrates 
undergo only a small shift in composition in the interval between 7 and 
24 hr. The DTA curves showed slight changes only. These results suggest 
that autoclaving for 7 hr at 125 psi steam pressure substantially completes 
the reaction. This does not, however, mean that some changes, such as 
growth in the minute crystals, does not occur during the additional 17 hr of 
autoclaving. Autoclaving the solids, in which the over-all C/S ratio was 
above 1.3, for 24 hr resulted in the crystallization of the alpha-type hydrate. 
The other phase in addition to this solid was the 1.25 C/S hydrate for the 
products having compositions intermediate between 1.25 and 1.75 C/S. 
Bessey,° on the basis of microscopical observations, reported that drying 
shrinkage decreased with increases in the aynount of crystalline phase present. 
This interesting finding raises a question ak to the identity of the crystalline 
phase which was definitely needle-like, and could not have been the alpha- 
type hydrate because this solid occurs in readily recognizable platy crystals. 
The amorphous material possibly was a mixture of the 1.25 C’/S solid and the 
partially recrystallized 1.8 C/S hydrate. The crystals observed by Bessey 
may have been xonotlite. The upper temperatures used by Bessey in- pro- 
duction of the sand-lime brick were sufficiently high to cause formation of 
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this mineral. Its presence could account for the low shrinkage mentioned 
earlier because it has been reported’? that xonotlite does not undergo drying 
shrinkage even at an elevated temperature. 


Pumice 

Pumice was selected because it contains a high Al,O; content and would 
serve for studying the effect of Al,O; on the calcium silicate hydrates. Repre- 
sentative composition data are included in Table 5, and the DTA curves 
presented in Fig. 2. In all series of different cement-lime ratios the C/S 
ratio of the reaction product approached a low value of about 1.0 provided 
a sufficient amount of pumice fines was present. 

Products of comparable C/S ratios showed highly similar or identical 
DTA curves regardless of the lime to cement ratio in the mix. As the C/S 
ratio of the products increased, the DTA curves showed the exothermic peak 
undergoing two changes as the three curves in Fig. 2 show. The exothermic 
peak became flatter and also occurred at higher temperatures. It is interest- 
ing to note that the DTA curves of solids high in lime, 1.4 C/S and higher, 
failed to show the presence of the partially recrystallized 1.8 C/S hydrate. 
Even the 24-hr products, rich in lime, did not transform in any marked 
degree to the alpha-type hydrate. Apparently the extraneous constituents 
stabilized the 7-hr products containing the higher amounts of lime (1.3 C/S 
and higher). 


Expanded-shale fines 


The shale contained less silica and more Al,O; and Fe2O; than did the 
pumice. Also, the shale differs physically from the pumice, and reacts to 
a markedly lesser extent with the lime than does pumice or silica. The 
degree of reactivity is shown in Table 5 by the results for free SiO» (the 
SiO. present in the insoluble residue). The amounts of insoluble residue 
were high and, therefore, the compositions corrected for the free SiO. were 
also high. Even the mix with a marked excess of shale (25 percent CaO and 
75 percent shale) had a C/S ratio of 2.1. 

The series of products made with the lime-cement mixes are interesting 
because of the relatively greater reactivity of the shale in the presence of 
even small additions of cement. The unreacted silica amounted to 1.1 to 
3.7 percent for two solids and the C/S ratio of these after correction for the 
free SiO. were 1.92 and 1.12, respectively. No reason was apparent for the 
more complete reaction indicated by the products made with addition of 
cement compared to those made only with lime. 

The DTA curve in Fig. 2 for the 2.1 C/S product shows an exothermic 
break between about 3C0 to 550 C. This break was nearly always present 
in DTA curves of the solids having high lime contents. The other DTA 
curves, for the 1.40 C/S and 1.12 C/S solids made with shale, show a definite 
shift in the form of the exothermic peak; the 1.12 C’/S solid manifested this 
at about 900 C. it may be noted that, at comparable compositions, the 
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TABLE 6—COMPOSITION DATA ON RAW MIXES AND PRODUCTS MADE OF 
SLAG AND SILICA FINES 
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solids made with shale showed the exothermic peak at higher temperatures 
than did those made of pumice. 

Because of the relatively widespread use of either sintered or expanded 
clays and shales as concrete aggregates, further investigation on these would 
be desirable. 


Expanded slag fines 

The slag contained the lowest SiOz content of all the aggregates studied, 
and had a relatively high CaO and MgO content. Autoclaving the lime- 
slag mixture was productive of only slight hardening, indicating that only 
a slight degree of reaction occurred. Similar tests with cement-slag resulted 
in hardening, of course, because the cement hydrated but the resulting solid 
was somewhat softer and weaker than comparable cement-silica products. 
Some degree of reaction probably occurred because DTA results did not 
show presence of hydrolytic Ca(OH). which is always readily detected if the 
cement is hydrated without any addition of SiO. bearing materials. 

Because the slag was soluble in the acid solution used in the test for in- 
soluble residue, it was not possible to determine the amount of slag reacting. 
This behavior of slag, however, made it possible to determine the composition 
of products formed from lime or cement and silica (quartz) fines added to 
slag tines. Compositions of the products were computed from the amount 
of insoluble silica fines (Table 6). Although it had to be assumed in these 
computations that none of the slag reacted, some did react as already 
mentioned, and the computed C’/S ratios given in Table 6 are therefore only 
approximate values. The DTA curves particularily of the 1.46 C/S hydrate 
(Fig. 2) showed a flattening of the exothermic peak similar to that observed 
for the pumice products of comparable composition. It appears that the lime 
and silica tended to form products, particularly the 1.23 C/S (Fig. 2), that 
were similar to those made of Ca(OH), and silica (quartz) fines. Never- 
theless, DTA results suggest that some of the extraneous constituents, perhaps 
the R203, is present in these reaction solids. 


Further results and general interpretations 

In addition to DTA tests and chemical analysis, some of the samples were 
examined with the light and electron microscopes and some were studied 
with x-rays. Under the light microscope the solids appeared amorphous 
and homogeneous, exclusive of unreacted particles of the aggregates. Solids 
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made with silica and pumice fines in about a 1.1 C/S ratio appeared identical 
in the examinations with the electron microscope; only agglomerates of 
minute irregularily shaped crystals were found. 

X-ray diffraction patterns were obtained on the solids made with silica 
and pumice, each in compositions of about 1.0 and 1.3 C/S. The patterns 
were highly similar for all samples and principal characteristic lines (spacings 
and intensities) were as follows: 11.4A, very strong; 3.07A, very strong; 
2.97A, strong to medium; 2.81A, medium; and 1.84A, medium. These 
results are in good agreement with those previously published by Taylor!® 
for a cellular concrete having a corrected C/S ratio of 1.28. In the present 
patterns some variations in the intensities of the weaker lines were apparent 
and the spacings of perhaps two or three lines differed slightly from pattern 
to pattern. No definite correlations of these and other x-ray diffraction 
data with compositions or amounts of impurities, however, were found. The 
patterns of the solids made with pumice did not contain lines of any of the 
known Al,0; and Fe.0; bearing hydrates or other solid phases that could 
form in the complex system represented by the raw materials under consider- 
ation. DTA results also failed to detect presence of such phases and it is 
assumed, therefore, that none was present. 

Reaction solids of 0.8 to 1.25 C/S ratios probably have highly similar 
structures in which the extraneous constituents may be accommodated. 


How this may occur is not yet apparent. However, if the R.O;, particularily 
the Al.O;3, substitutes for SiO. in the network (as there is some reason to 
believe it may) the higher apparent C/S ratios of the pumice solids, ap- 
proximately 1.0 to 1.5 C/S, could be explained. If corrections are made 
for the R.O 3, that is, the ratio is expressed as CaO/Si:0,. + R203, the values 
of Q.8-1.25 are approached reasonably close. 


On the basis of the preceding consideration it is indicated that the 
cementitious phase of autoclaved concrete products made with sufficient 
amount of siliceous materials is a single complex solid of relatively widely 
different compositions and of a given structure. 


SUMMARY 


1. Sand and gravel block concrete of a fixed mix composition showed a 
straight line relation between unit weight of the freshly molded concrete 
and the strength after autoclaving. The relation was largely independent 
of the proportion of lime to cement in the mix at any given density. The 
mixes containing more cement relative to the amount of lime generally showed 
higher densities and therefore somewhat higher strengths. 

2. Drying shrinkage of sand and gravel concrete bars appeared to be 
independent of proportions of lime to cement in the raw mix. 

3. Autoclaved products made of cement-lime and silica (quartz) consist 
of either a series of hydrates having a composition of about 0.9 to 1.3 C/S 
or, if mixes are deficient in silica fines, may also contain a poorly crystallized 
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lime-rich phase differing structurally from the 0.9-1.3 C/S products. Solids 
of comparable compositions were the same regardless of the proportions 
of lime to cement used in preparing them. 


4. Pumice and shale with lime or cement also formed series of hydrates 
structurally similar to those made from quartz. The composition of the series 
however extended to values in excess of 1.3 C/S. These phases did not tend 
to recrystallize as readily to another phase as did those made of quartz. 


5. Differential thermal analysis results differentiated between phases of 
different compositions and made of a given aggregate, or between solids of 
comparable compositions and made with different aggregates. X-ray dif- 
fraction results were highly similar for all solid phases, suggesting that the 
structure is similar for products made with silica and pumice, exclusive of 
the high-lime solids, particularly those prepared with quartz. 
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Title No. 50-24 


Properties of Concrete and Their Influence on 
Prestress Design’ 


By RAYMOND E. DAVIS and G. E. TROXELLT 


SYNOPSIS 


Of the various properties of concrete that have to be taken into consideration 
in prestress design, there are three that merit special attention: (1) the 
necessity for uniformity of quality of concrete throughout a prestressed 
member, (2) the desirability of employing a concrete for which the drying 
shrinkage will be low, and (8) the desirability of employing a concrete for 
which the creep under the action of prestress will be low. Factors which 
influence the degree of uniformity and magnitude of drying shrinkage and 
creep are discussed and suggestions made concerning the use of materials 
and practices which may be expected to lead to most favorable results. 

To secure uniformity, there is required a concrete mix that is more than 
ordinarily plastic and sticky, and which when vibrated will flow readily into 
place without segregation and bleeding. Close job control is required with 
respect to grading of materials, batching, use of admixtures, mixing, trans- 
porting, and placing. 

Other things being equal, within the ordinary range of richnesses of mix, 
drying shrinkage of concrete is nearly proportional to the quantity of mixing 
water employed; creep is proportional to the quantity of hardened cement 
paste and the water-cement ratio. To keep these effects at a minimum, it is 
desirable that the paste content be the minimum and the water-cement ratio 
be the minimum which will produce a fresh concrete of the desired properties 
and a hardened concrete of the desired strength. Additional factors affecting 
shrinkage and creep include cement composition; grading, maximum size, and 
character of aggregates; admixtures (affecting uniformity as well as shrinkage); 
size of prestressed members; and others. 


INTRODUCTION 


While concrete is a remarkable material without which modern con- 
struction would be impossible, it is not free from imperfections and peculiari- 
ties, some of which are of particular importance in prestress design. It is 
the only structural material manufactured on the job. Unlike steel or stone, 
the properties of concrete after fabrication change with the passage of time 
and are greatly affected by conditions of environment. Concrete is not a 
homogeneous material. Strength and other properties of the aggregate are 
likely to be far different from those of the hardened cement paste which 


*Presented at Western Conference on Prestressed Concrete, Los Angeles, Calif., Nov. 14, 1952. Title No. 
50-24 is a part of copyrighted JouRNAL OF THE AMERICAN CONCRETE INstrruTE, V. 25, No. 5, Jan. 1954. Pro- 
ceedings V. 50. Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the 
Institute not later than May 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

+Members American Concrete Institute, Director Emeritus, Engineering Materials Laboratory (and Consulting 
Engineer), and Professor of Civil Engineering, respectively, University of California, Berkeley, Calif. 
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binds the pieces of aggregate together. Under the usual conditions of 
placement, the concrete of the top portion of a beam or slab is quite different 
from that of the bottom part. Concrete expands and contracts with changes 
in moisture content. Concrete is not a perfectly elastic material. Under 
sustained load, even at normal working stresses, concrete continues to yield 
for a long period, thus producing those deformations which are called ‘‘time 
yield,” “plastic flow,” or “‘creep.”” In spite of these imperfections, concrete 
and reinforced concrete structures have given a good account of themselves. 

Space does not permit discussion of all the properties of concrete which 
need to be considered in prestress design. There are three matters, however, 
the importance of which is not so well understood or appreciated. They 
are: (1) the necessity for securing uniformity of quality of concrete throughout 
the prestressed members; (2) the desirability of employing a concrete for 
which the drying shrinkage will be low, since prestress is usually applied 
while concrete is still in the moist state; and (3) the desirability of employing 
a concrete for which the creep under the action of prestress will be low, to 
the end that stress relief from this source will not be excessive. 


UNIFORMITY OF CONCRETE QUALITY 


It is common observation that shrinkage cracks develop in tops of beams 
and slabs subjected to drying, even at or near the section of maximum positive 
moment. These cracks may extend an inch or two into the concrete and then 


disappear. Under these conditions it seems obvious that the effective depth 
of the beam or slab is that distance from the lower terminations of the cracks 


to the center of the tensile steel. That portion of the depth of the member 
through which cracks extend is totally incapable of taking stress and in a 
structural sense is purely useless material which only adds to the dead weight. 
The arm of the resisting couple is less than, and the distribution of compressive 
stress in regions of positive moment is quite different from, that assumed in 
design. 

These shrinkage cracks are due to segregation and water gain or bleeding 
which occurred as the concrete was placed and vibrated in the forms. No 
such cracks are found in the bottoms of beams and slabs even in regions of 
maximum positive moment. Not only are such top layers of concrete of low 
strength, but also their drying shrinkage is large as compared with that of 
layers of concrete remote from the top. This lack of uniformity in shallow 
members is a more serious matter than most engineers seem to realize. 

A few years ago the authors investigated the cause of severe cracking in 
the top surfaces of floors of a government building. Slices 1 in. thick, repre- 
senting the top inch, middle inch, and bottom inch, were cut from portions 
of the floor slab. These 1-in. horizontal slices were water-soaked and then 
dried. Measurements showed that the drying shrinkage of the top inch was 
approximately five times as great as that of the bottom inch, and three times 
as great as that of the middle inch. To be sure, this was an exaggerated 
case, but it served to illustrate what will happen in less degree in any work 
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where placing conditions are difficult, unless a concrete is employed which 
will stand a reasonable amount of vibration without segregation and bleeding. 

In much prestress construction, particularly beams, slabs, and frames, 
because of narrow or thin sections and constrictions in the forms produced 
by reinforcement, conditions of placement are quite generally more difficult 
than in most ordinary construction. Also, in prestress construction it is 
generally of greater importance that the concrete after placement be free 
from appreciable segregation and as nearly as possible homogeneous from 
top to bottom and from end to end. 

To achieve this, it is first necessary to have a fresh concrete which is plastic 
and workable and which possesses a ‘‘stickiness’’ not found in the ordinary 
building mix—a concrete which under the action of vibration as it is placed 
in the forms will hang together, will maintain the larger particles of aggregate 
in suspension, and will reduce water gain or bleeding to a minimum. 

To produce a concrete which after placement will exhibit these character- 
istics requires proper mix design and efficient job control. Grading of aggre- 
gate should be substantially uniform from batch to batch, from hour to hour, 
and from day to day. Batching and mixing operations and equipment should 
be such that as the concrete leaves the mixer it is a homogeneous product 
from one end of the batch to the other. The method of transporting con- 
crete from mixer to form should be such as to prevent segregation and the 
practice, so often observed in ordinary construction, of using the vibrator 
as a tool for transporting concrete from one place to another over the length 
of the form should be positively prohibited. Also, overvibration causes 
marked segregation in the region of the spot where it has occurred, and this 
undesirable practice should be prevented by adequate inspection. 

As will be discussed in detail later, air entrainment in ordinary amounts 
improves workability, reduces bleeding, and to some extent prevents segre- 
gation. The practice of using air-entrained concrete is a desirable one, even 
though freezing and thawing resistance is not a matter of consideration, 
provided an air-entraining agent of recognized worth is employed. 

Where the desired degree of stickiness and freedom from bleeding cannot 
be achieved except through use of an excessive amount of cement, the long- 
ago practice of using 3 or 4 percent of diatomaceous earth possesses real 
merit, provided the material is finely ground and provided it does not ap- 
preciably increase the mixing-water requirement or drying shrinkage. In 
fact, when used with some cements, in combination with a water-reducing 
agent, it may contribute to increase in strength and perhaps to a slight de- 
crease in drying shrinkage. The important fact is that it greatly decreases 
both bleeding and segregation due to vibration. 


? 


PHENOMENA OF DRYING SHRINKAGE AND CREEP 


Drying shrinkage and creep are closely related phenomena. The principal 
product of hydration of portland cement is a rigid gel which binds the 
particles of aggregate together. As hydration occurs, part of the mixing 
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water enters into chemical combination, part of it is adsorbed by the gel, 
and the remainder occupies space in the pores and capillaries. As with 
many of the gels with which we are more familiar, cement gel shrinks as 
drying occurs. Although the following may not describe exactly the mechanics 
of this phenomenon of shrinkage, it is helpful to visualize the interchange 
of moisture between the gel and the atmosphere surrounding a mass of con- 
crete on the basis of a few simple physical principles. 

The flow of water from the gel takes place through the minute pores and 
capillary channels which permeate the mass. The magnitude of this flow is 
a function of the pressure gradient along these channels. If a moist concrete 
is placed in dry air, water is evaporated from the outer ends of the capillaries, 
thus producing capillary tension within the channels. This tension acts to 
draw water from the gel. The rate of evaporation is, of course, a function of 
vapor pressure, so that the drier the surrounding air the more rapid the loss 
of water from the gel. The gel may be thought of as hygroscopic in nature; 
the less moisture it contains the greater its attraction for water and the 
flatter the moisture gradient along the channels, with the resultant slower 
rate of moisture loss. The gel at and near the exposed surface of the con- 
crete mass will, of course, dry out more rapidly than that further from the 
surface, because there is less total frictional resistance to flow along the 
shorter channels. 


When drying is begun the moisture gradient within the concrete near the 
exposed surface will be steep, this steepness depending upon the humidity 
of the surrounding air. Under constant drying conditions the slope of this 
moisture gradient will decrease with time, finally becoming flat when moisture 
equilibrium is established. 

Since the free shrinkage of cement gel is proportional to the amount of 
moisture which is lost, it follows that as drying occurs a complicated system 
of shrinkage stresses due to the restraining effect of the aggregate is developed 
in all parts of the concrete mass from which loss of moisture has occurred. 
Also, due to differential shrinkage, in a concrete member such as a beam, 
tensile stresses are developed in elements at and near the exposed surfaces, 
and balancing compressive stresses are developed in an area surrounding 
the centroidal axis. 


Under the action of sustained stress, due either to shrinkage or to mechanical 
load, the cement gel is subjected to forces produced by sustained stress as 
well as to those produced by evaporation, and distortions due to loss of 
adsorbed water of the gel are developed in a manner similar to the distortions 
or shrinkages produced by evaporation. 


These volume changes of the hardened cement paste are believed to account 
almost entirely for both drying shrinkage and creep of concrete, though the 
magnitude of the distortions is influenced not only by rate of drying and 
magnitude of sustained stress, but also by other factors such as volume of 
hardened paste, water-cement ratio, chemical composition of the portland 
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cement, and the grading, maximum size, mineral character, absorption, 
and modulus of elasticity of the aggregate. 

For the poorer materials and their combinations, and under extreme 
conditions of drying and high prestress, the loss in prestress of the steel due 
to shrinkage and creep may be in the order of 50,000 psi. By proper selection 
of materials and proper design of concrete mixes under prestress as drying 
occurs, stress relief may be as low as 20,000 psi and perhaps less than this 
if the member is of large cross section. 


FACTORS WHICH INFLUENCE SHRINKAGE AND CREEP 


Within the normal range of cement content likely to be employed in pre- 
stress construction, other things being equal, shrinkage of concrete subjected 
to sustained stress and drying conditions may be expected to be little affected 
by the richness of mix, and to be almost entirely proportional to the volume 
of mixing water which was employed. For a given sustained stress and 
rate of drying, other things being equal, the magnitude of creep will be directly 
proportional to stress, to the volume of cement paste, and to the water- 
cement ratio. 

It is therefore clear that for minimum shrinkage and creep the volume 
of the cement paste and the volume of mixing water and the water-cement 
ratio should be the minimum consistent with producing a fresh concrete of 


the desired properties such as consistency, workability, plasticity, and freedom 
from bleeding. A high cement content will, of course, increase the volume 
of the paste and likewise increase the total volume of mixing water; there- 
fore, even though it substantially decreases the water-cement ratio and 
thereby increases the strength of concrete, a high cement content will lead to 
both increased shrinkage and increased creep. Extremely rich mixes appear 
therefore to be generally undesirable. 


Composition of cement 

Within the ordinary range of present-day commercial products, fineness 
of cement affects shrinkage only to a minor degree. Contrary to what many 
believe, drying shrinkage of portland-cement mortars and concretes is 
markedly affected by the chemical composition of the cement; due to vari- 
ations in composition, the drying shrinkage for one cement may be as much 
as 50 percent greater than that for another. While comprehensive data are 
lacking, because of the close relationship between shrinkage and creep, it 
may be expected that the same condition will hold true for creep. 

Generally speaking, shrinkage of concrete is low for those cements which 
are moderately high to high in tricalcium silicate (the constituent which 
contributes most to early strength) and is low for those cements which are 
low in the alkalies, soda and potassa. The magnitude of drying shrinkage 
is appreciably affected by the quantity of gypsum which enters the manu- 
facture of all portland cements for the purpose of retardation of setting. 
The optimum percentage of gypsum (in terms of sulfur trioxide) for minimum 
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shrinkage is higher for cements which are high in tricalcium aluminate than 
for those which are low in tricalcium aluminate. Small changes in the sulfur 
trioxide content of a cement high in tricalcium aluminate or high in the 
alkalies is likely to make relatively large changes in the magnitude of drying 
shrinkage. Also, the higher the loss on ignition, the greater the shrinkage. 

There are perhaps other variables in composition which influence shrinkage. 
For this reason in important prestress construction it would seem desirable, 
on the basis of the results of tests, to select a cement among those com- 
mercially available which exhibits the lowest drying shrinkage of mortar 
bars for which the water-cement ratio is approximately the same as that 
later to be used in concrete on the job. Such shrinkage tests can be made in 
any well-equipped commercial laboratory. 

Aggregates 

The magnitude of drying shrinkage and creep is substantially affected by 
the grading of the aggregate. It is desirable that aggregate be well graded 
from fine to coarse, and the lower the percentage of voids in the mixed aggre- 
gate and the larger the maximum size of aggregate the better. For equal 
water-cement ratios, the shrinkage of sand mortar is likely to be two or three 
times as great as that of a concrete for which the maximum size of aggre- 
gate is 34 in., and three or four times as great as that of a concrete for which 
the maximum size of aggregate is 1144 in. Though the data are somewhat 
conflicting, it appears that the trend is similar in so far as creep is concerned. 
In mix design, due consideration, of course, must be given to securing a 
concrete of desired workability which can be readily placed so as to com- 
pletely fill the forms without voids. Efforts to obtain a grading which will 
achieve these ends are deserving of attention. 

The ideal grading for minimum void content of mixed aggregate may not 
be obtainable with any combination of readily available sand and coarse 
aggregate, and even if obtainable may not yield a fresh concrete possessing 
the desired properties. In any case, the best guide to the most suitable 
proportions of fine and coarse aggregate and the maximum size of coarse 
aggregate will be the results of tests on trial concrete mixtures in which 
aggregate proportions and sizes are varied and where these trial mixes are 
placed under conditions closely simulating the job placement conditions. 


To insure smooth job operation, and to produce a concrete of uniform 
quality, it is essential that the grading of sand and coarse aggregate be reason- 
ably uniform from batch to batch and from day to day. Specifications for 
the purchase of aggregate should require that materials delivered to the work 
conform in gradings to those of approved samples submitted by the aggre- 
gate producer within some designated small tolerance. For example, it might 
be required that the fineness modulus of the sand as delivered to the work 
not depart by more than +0.1 from the fineness modulus of the approved 
sample. Of course, specifications have no meaning unless they are enforced, 
and job inspection should be such as to insure enforcement. 
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The mineral character of the aggregate itself has a larger influence on drying 
shrinkage and creep of concrete than is generally realized. Concretes con- 
taining aggregates which are hard, dense, and of low absorption and high 
modulus of elasticity exhibit substantially less shrinkage and creep than do 
corresponding concretes containing considerable amounts of material of 
the weaker, less rigid, more absorbent rock types. 

A concrete containing crushed sandstone of generally acceptable quality 
but of fairly high absorption, or containing a gravel composed of a heter- 
ogeneous mixture of rock types including some of relatively high absorption, 
may exhibit a drying shrinkage 50 percent greater than that of a correspond- 
ing concrete for which the aggregate is a hard, dense, low-absorption dolo- 
mite or limestone. Concretes containing some of the granites and some of 
the basalts may likewise exhibit high drying shrinkage. 

Using both a cement and an aggregate of low shrinkage characteristics, 
it is possible to produce a concrete for which the drying shrinkage will be 
less than half that exhibited by a corresponding concrete which employs 
cement and aggregate of high shrinkage characteristics. 


The statements concerning the effect of character of regate upon 
> 


shrinkage apply almost equally well to creep of concrete. For example, 
test results have shown that the creep of concrete containing sandstone of 
relatively high absorption is 2% times as great as that of corresponding 
concrete containing a hard, dense limestone of low absorption. The creep of 
a concrete containing a basalt may be twice as great, and the creep of a 


agg 
it 


concrete containing an excellent grade of granite may be 11% times as great 
as that of the limestone concrete. 

From these comparisons it is obvious that, in consideration of the impor- 
tance in prestress construction of low shrinkage and creep, greater attention 
should be directed toward selection of the most suitable aggregates than 
is usually the case. 

Admixtures 

The use of admixtures which may improve early strength, reduce the 
mixing-water requirement, improve workability and plasticity, and reduce 
bleeding and segregation is advantageous and desirable provided these 
admixtures do not at the same time increase drying shrinkage and creep. 
However, the use of admixtures should be approached with caution, par- 
ticularly those which accelerate strength or which by virtue of their wetting 
action alone reduce the mixing-water requirement. It has been found that 
some such admixtures do not behave the same for all cements and all con- 
crete mixes. Some may substantially increase drying shrinkage when used 
in normal amounts, although they reduce the mixing-water requirement or 
increase the early strength. 

It has become common practice to employ air entrainment of 3 to 5 
percent, even though freezing-and-thawing resistance of concrete is not a 
matter for consideration. In such amounts, air entrainment improves work- 
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ability, reduces bleeding to a substantial degree, and somewhat reduces 
the tendency towards segregation. Where well-recognized and approved 
air-entraining agents are employed there is no evidence that either shrinkage 
or creep is appreciably affected. Because of the beneficial influence of air 
entrainment, for concrete which is difficult to place, the use of an approved 
air-entraining agent in an appropriate amount for prestress construction is 
recommended, provided the quantity of entrained air is kept under close 
control by tests on fresh concrete taken from the work. 

Among the accelerators, calcium chloride is the one most commonly used. 
It is well known that at least for some concretes the use of calcium chloride 
in normal amounts increases drying shrinkage, and for this reason, except for 
cold-weather concreting operations or except where high early strength is 
a primary requirement, calcium chloride should not be employed as a concrete 
admixture in prestress construction unless it is first determined that for the 
materials to be used on the job its contribution to shrinkage is negligible. 
Also, there is some evidence that calcium chloride may cause serious corrosion 
of the steel reinforcement. 

Proprietary agents commonly used in concrete construction for reducing 
the mixing-water requirement by wetting action alone generally contain 
organic compounds, the effect of which on some of the properties of con- 
crete, including drying shrinkage, are considerably influenced by some of the 
minor constituents in portland cement or even in the aggregate itself. For 
this reason, before the use of any such admixture is permitted, its contri- 
bution to drying shrinkage as well as to strength should be determined for 
the particular concrete materials which will be employed. 

There are presently on the market a number of commercial products 
containing a mixture of compounds which act as agents of acceleration, 
wetting, and air-entraining. Again, generally their effect upon the properties 
of concrete, both with regard to strength and drying shrinkage, is not likely to 
be the same for one cement as for another, or for one concrete mix as for 
another. For some combinations of materials, the over-all beneficial effect 
of such agents may be large; for other combinations, their use may actually 
be deleterious. Only the results of tests involving the materials which will 
be used in the work will determine whether such an admixture may or may 
not be used to advantage. 


Back in the days of coarser cements and wet concrete mixes, it was common 
practice to use pulverized diatomaceous earth in the amount of 2 or 3 per- 
cent of the weight of cement as a concrete admixture for the primary purpose 
of increasing workability and decreasing segregation. With the advent of 
drier mixes and cements of higher fineness, this practice was largely dis- 
continued. It has lately been found that diatomaceous earth, ground much 
more finely than that of earlier years and used in the amount of 3 or 4 per- 
cent of the weight of the cement, not only is extremely beneficial in improv- 
ing the plasticity of fresh concrete and reducing the tendency toward bleeding 
and segregation produced by vibration, but also, for some cements at least, 
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when used in combination with some of the water-reducing air-entraining 
agents, actually increases the strength of concrete and to some degree de- 
creases its shrinkage. Because of the sticky, cohesive character of concrete 
mixes in which such diatomaceous earth is employed, and because of the 
large improvement which it brings about with regard to decreased segregation 
and bleeding as concrete is vibrated and placed in the forms, its use in the 
quantity mentioned would seem to be desirable for prestress concrete con- 
struction involving difficult placement conditions. 


EFFECT OF SIZE OF MEMBER AND RATE OF DRYING 


Drying shrinkage and to a lesser extent creep under sustained load during 
the drying period are influenced by the size or thickness of the member. 
The larger the member the less will be the rate of shrinkage and creep and the 
lower will be the ultimate magnitude of shrinkage and creep. Both shrinkage 
and creep continue to increase over a long period, and the larger the member 
the longer is this period. For example, for a member 6 in. thick subjected 
to given drying conditions, shrinkage might for all practical purposes come 
to a state of equilibrium in one year; for a corresponding member 12 in. 
thick, the corresponding state of equilibrium might not be reached in less 
than four years. Ultimately the magnitude of drying shrinkage and creep 
for the 12 in. thick members might not be more than two-thirds of that for 
the 6 in. thick member. 

Rate of drying also has some effect upon the magnitude of equilibrium 
shrinkage and a large effect upon the equilibrium magnitude of creep. Be- 
cause of the stresses produced by shrinkage, the flatter the moisture gradient 
within the concrete member from exposed surface to centroidal axis, other 
things being equal, the less will be the magnitude of creep. To put it. in 
another way, saturated or completely dry concrete will creep much less 
under sustained load than will a corresponding concrete which is partially 
dry; and the more rapid the drying occurs, the greater will be the rate of 
creep. For example, under a given sustained load and conditions of 100 
percent humidity, the equilibrium magnitude of creep may be about equal 
to the immediate strain when load is first applied; at 70 percent humidity 
the equilibrium creep may be twice as great; and at 50 percent humidity 
the equilibrium creep may be three times as great. 

A highly effective means of preventing rapid losss of moisture by evapo- 
ration, and thus reducing creep, is a good coat of the right kind of paint. 


SUMMARY 


In prestressed concrete construction, uniformity of quality of concrete 
is of the greatest importance. To secure uniformity requires a concrete mix 
that is more than ordinarily plastic and sticky, and which when vibrated 
will flow readily into place without segregation and bleeding. Close job 
control is required with respect to grading of materials, batching, mixing, 
transporting, and placing. 
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Drying shrinkage and creep of concrete are closely related phenomena, 
principally caused by the removal of adsorbed water from the hardened 
cement gel, in one case through the action of the forces of evaporation, and 
in the other case through the action of forces produced by mechanical load. 

Other things being equal, within the ordinary range of richnesses of mix, 
drying shrinkage of concrete is nearly proportional to the quantity of mixing 
water which was employed; creep is proportional to the quantity of hardened 
cement paste and the water-cement ratio. 

In prestressed concrete construction, it is particularly important that 
drying shrinkage and creep be a minimum because of their effect on the 
magnitude of final prestress. It is therefore desirable that the paste content 
be the minimum and the water-cement ratio be the minimum which will 
produce a fresh concrete of the desired properties and a hardened concrete 
of the desired strength. 

Concretes which contain cement in which the percentage of the alkalies 
(soda and potassa) are low, and for which the percentage of tricalcium silicate 
is medium high to high, exhibit lower drying shrinkage than those high in 
alkali and low in tricalcium silicate. It seems probable that the same relation- 
ship holds as regards creep. Cements which are low in loss on ignition are 
likewise superior to those which are high in loss on ignition. 

Grading and maximum size of aggregate have an important effect upon 
shrinkage and creep. For a well-graded aggregate, the larger the maximum 
size the less the shrinkage. 

The character of the aggregate may greatly influence the magnitude of 
shrinkage and creep. For minimum values, one should employ rock types 
which are of low absorption, high density, and high modulus of elasticity. 

Air entrainment by approved and recognized agents, in the amount of 3 
to 5 percent of air, may be used without hesitancy. Air entrainment con- 
tributes to workability, reduces bleeding, and reduces to some extent the 
segregation due to vibration. 

There are available proprietary compounds which, by virtue of their 
wetting action, may be employed to reduce the mixing-water requirements 
without air entrainment and hence to increase strength. However, they do 
not all behave in the same manner for all cements and all concrete mixes. 

Other proprietary admixtures are composed of a combination of com- 
pounds which act to entrain air, accelerate early strength, and reduce the 
water requirement by wetting. Generally they also do not behave in the 
same manner for all cements, either as regards shrinkage or as regards strength 
of concrete. 


The use of a small amount of finely ground diatomaceous earth is particularly 
effective in eliminating undesirable segregation and water gain of fresh con- 
crete. When so employed with some of the water-reducing agents and some 
cements, not only are bleeding and segregation due to vibration greatly 
reduced, but also concrete strength is substantially increased and drying 
shrinkage is somewhat decreased. 
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The ultimate magnitude of drying shrinkage and creep under given con- 
ditions of drying and sustained load is considerably less for members of large 
cross section than for members of small cross section. A much longer time 
is required to establish shrinkage and creep equilibrium in members of large 
cross section than in members of small cross section. The ultimate magni- 
tude of creep is greatly affected by the rate at which drying occurs; the more 
rapid the drying the greater the creep. Waterproof painting of members 
will greatly decrease the rate of drying and will also greatly decrease both 
the rate and the ultimate magnitude of creep. 
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BY WAY OF SYNOPSIS 


S.J. GOLDSTEIN and F. W. Kirrre.e discuss radioisotope techniques for pro- 


posed usage in concrete research. 


Solutions for spacing of stirrups in beams are the topics of letters by L. 8. 


Mutter and M. Toxoz. 


Radioisotope Techniques in Concrete Research (LR 50-9) 


A great deal of interest has been expressed 
lately in the efficacy of concrete and masonry 
materials as barriers to nuclear radiation. 
No comparable interest has been evidenced 
in radioisotope techniques for the further 
study of chemical and physical properties of 
concrete and its constituents. 

It seems to this writer that the use of 
radioisotopes as research tools could open 
vast new possibilities for exploring the de- 
terminants of strength, density, permeability, 
homogeneity, dimensional stability, absorp- 
tivity, and resistance to deterioration of 
concrete. Following is a list of some of the 
topics which might be explored with “tagged” 
materials (those containing a known concen- 
tration or level of radioactivity): 

1. New methods of washing aggregates 
an be tested on a laboratory or pilot plant 
scale by the use of “tagged” aggregates; 
the lower the level of radioactivity after 
washing, the more efficient the operation 
from a cleansing standpoint. 


*A part of copyrighted JouRNAL OF THE AMERICAN CONCRETE INsTITUTE, V. 


2. The efficiency of mechanical concrete 
mixer designs can now be readily determined, 
with the effects of drum length, drum diam- 
eter, speed of rotation, location of water 
inlet, length of mixing time, and blade de- 
sign readily determined. Statistical studies 
of the degree of dispersion of each of the four 
constituents of normal concrete (by tagging 
ach in turn) will have to be made, to select 
mixer designs with optimum characteristics 
for producing the most homogeneous con- 
crete. There may be separate mixer designs 
required, as a result of such studies, for 
different maximum sizes of aggregates. 

3. With further regard to mixer design, 
efficiency with which various types of ad- 
mixtures are dispersed throughout a batch 
can be evaluated with radioactive tracers, 
i.e., tagged admixtures. 

4. The physical properties of concrete, 
such as homogeneity, absorptivity, density, 
and permeability could be readily evaluated 
by measurement of the rates of diffusion of 
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various tagged liquids and gases through 
samples. Among the experimental variables, 
in addition to time, should be the pressure 
and temperature of the liquids and gases 
used for diffusion studies. 

5. Various “brittle lacquer’ techniques 
have been evolved for the study of surface 
strain conditions in metals under load. Anal- 
ogously, a coating of uniform radioactivity 
might be applied to a concrete shape (such 
as a cylinder) under load. Radiation-counter 
scanning, similar to electron-beam scanning 
used in television transmission and reproduc- 
tion, could then produce a picture of the ex- 
terior surface of the concrete shape. As 
cracks developed, they would be seen in size 
and shape as breaks in an otherwise uniformly 
radioactive field. A new insight into the 
mechanics of concrete failure might be gained 
by this technique. Similarly, the rate of 
growth of shrinkage and other types of crack- 
ing can be studied by this method, which 
might be called “radiostrain.” 


, 


6. There are indeed limitless opportunities 
for the introduction of radioisotopes in the 
control of cement manufacturing operations, 
and in laboratory study of the chemistry of 
portland and natural cements. As an 
example of needed research, the writer would 
suggest studies leading to a decrease in the 
amount of undissolved salts available in cast 
concretes, which can later give trouble in the 
form of efflorescence if water is absorbed and 
later evaporated from. the concrete. Cer- 
tainly, new insight into the setting of cements 
can be gained by the tagging of various con- 
stituents, in turn, as variables are studied. 

7. The efficiency of various types, operat- 
ing frequencies, and immersion times of con- 
crete vibrators can be evaluated by a study 
of the physical properties of resulting con- 
cretes using radioisotope techniques. 

8. By combining radioisotope and petro- 
graphic techniques, the size and extent of 
capillaries in concretes can be studied. Simi- 
larly, the extent of aggregate segregation and 
bleeding of cement can be readily determined. 

9. New methods of evaluating the effects of 
admixtures, integral and surface hardeners, 
and other concrete treatmients can be de- 
veloped with various tracer techniques such 
as chemical, physical, or both. 


S. J. Gotpsrerin, Architect, 
South Orange, N. J. 
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* * * * 


To the best of the writer’s knowledge, 
radioisotopes have not been used in concrete 
research along the lines proposed by Mr. 
Goldstein; however, the field of potential 
uses indicated for radioisotope techniques 
should prove to be quite fertile. 

It would require a thorough knowledge of 
cement and concrete, as well as an under- 
standing of the advantages and limitations 
of radioisotope techniques, to offer detailed 
constructive comments on the proposed 
uses. Brief mention of some of the factors 
involved in radioisotope techniques may be 
useful to Institute members in considering 
the uses of radioisotopes. 

There are three principal reasons for 
choosing radioisotope techniques in prefer- 
ence to other more common methods em- 
ployed in research. Radioactivity frequently 
is a useful characteristic that permits quali- 
tative detection and, under carefully standard- 
ized conditions, exact quantitative measure- 
ments at selected points in various types of 
processes and reactions. This characteristic 
has been adopted to such uses as activating 
automatic controls, tracing movement of 
liquids in closed systems, and measuring 
densities or thicknesses of relatively uniform 
substances. Since a radioactive isotope of 
any element reacts chemically and _biologi- 
cally in the same way as the stable isotope of 
the same element, the radioactivity is useful 
in identifying, following, and, if necessary, 
measuring the radioactive element at selected 
points in reactions. This is particularly 
useful in reactions where two or more com- 
pounds of the same element, perhaps from 
two or more sources, are involved in a 
reaction and it is desired to determine the 
course of one of them through the reaction. 
This can be accomplished by synthesizing 
the radioactive form of the element into 
the compound under observation and putting 
it through the reaction. In addition, some 
radioisotopes may be used in analytical 
methods where greater sensitivity is necessary 
than that attainable by more common 
methods of analysis. This generally is 
applicable to situations where minute quanti- 
ties or concentrations of the material involved 
are important. 


Some periodicals, especially those of a 
more popular nature, are apt to give a mis- 
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leading impression of the factors involved 
in using radioisotopes. It is possible to gain 
the impression that all that is involved is 
adding a little radioactive material to the 
process under observation, waving a geiger 
tube over it, and setting down the desired 
The articles often fail to bring out 
that most radioisotope techniques involve 
all the usual laboratory processing common 
to most analytical methods, such as mixing, 
synthesis, precipitation, filtration, 
ration, and other methods of sample sepa- 
ration and preparation, as well as_ the 
specialized techniques of radiation detection 
and measurement. In ‘ases, radio- 
isotope techniques permit short cuts and 
save time but in laboratory methods this 
quite often is the exception rather than the 
rule. On the other hand, these techniques 
can accomplish results that can not be 
achieved by any other method. It is in these 
cases that radioisotopes usually are the tools 
Comments on the application of 
these principles to some of Mr. Goldstein’s 
proposals may be useful (comments appear 
under the numbers Mr. Goldstein assigned 
to his proposals). 

Proposal 1—As the writer understands it, 
aggregate is washed to remove material 
usually consisting of organic matter and fine 
silt attached to the aggregate surfaces. Use 
of radioactive techniques probably would 
involve preparation of an artificial material 
with a radioisotope incorporated through 
synthesis into at least one-constituent. This 
tagged material would be applied to the 
aggregate in a manner that would assure 
adsorptive and absorptive characteristics 
similar to those of the natural material so 
that washability characteristics would be 
similar. During washing tests, radioactivity 


answers. 


evapo- 


some 


of choice. 


of either the used wash water or the aggregate 
could be determined at intervals. Repro- 
ducibility of measurements probably would 
be better on the water than the aggregate. 
The writer is in no position to judge, of 
course, whether this method would present 
advantages over the usual method of treating 
aggregate with sodium hydroxide to dissolve 
residual dirt and measuring the extratted 
material with a Jackson turbidimeter or a 


colorimeter. If the latter methods are not 


sufficiently sensitive, the use of radioisotopes 
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to attain greater sensitivity should hold real 
promise. 

Proposals 2, 3, 7,8, and 9—These proposals 
have much in common when considered from 
the standpoint of radioisotope techniques 
that probably would be applicable. Avail- 
able radioactive forms of the common ele- 
ments that could be synthesized into com- 
pounds common in concrete include calcium 
45, carbon 14, hydrogen 3 (tritium), iron 
55-59, and sulfur 35. There are, unfortu- 
nately, no useful radioactive forms of 
aluminum and silicon because their half-lives 
are too short to be of practical value in most 
research. Cement, and several of 
the common admixtures be tagged 
with radioactivity through synthesis. Prepa- 
ration of artificial tagged aggregates, with a 
radioisotope incorporated through synthesis 
might be possible. However, a practical 
method of tagging natural aggregates would 
be preferable. Sampling and preparation of 
samples for examination probably would be 
essentially the methods of 
examination now in common use. Radiation 
detection instruments probably could not 
be used to obtain reproducible results because 
of the heterogeneous nature of the concrete, 
but radioautographic techniques, using film, 
might yield the desired measurements. Here 
again the writer can not judge whether this 
would result in improvement over macro- 
scopic, microscopic, and staining methods 


water, 
could 


same as for 


now in use. 

Proposal 4—If the relatively simple 
methods for determining diffusion of liquids 
and gases through concrete now in use are 
doubtful that the more 
complex radioisotope techniques would offer 


satisfactory, it is 


advantages in results that would compensate 
for the added complexities. On the other 
hand, if there are deficiencies in 
methods they might be overcome by use of 


present 


radioisotopes. 

The 
the availability of & radiation-counter scanner 
of the type suggested. If such a device is 
available, this proposal might hold 
siderable promise. .If not, a great deal of 
probably would be necessary to 
produce the required instrument. Radio- 
autographic techniques might be applicable, 
though not so rapid as a continuous scanning 
method. 


Proposal 5 writer is not aware of 


con- 


research 
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Proposal 6—This probably is the most 
promising of the nine proposals. Results of 
tracer methods used in many fields of chemical 
research leave little doubt that valuable 
use for these methods can be found in research 
on cement. 


Members of the Institute desiring a more 
detailed evaluation of Mr. Goldstein’s pro- 


Stirrup Design (LR 50-10) 


The solution given in Jack Moyse’s article 
in the June, 1953, JourNaAx (“Stirrup Design 
in Beams,” p. 958) concerning the spacing 
of stirrups is not the first solution of this 
problem to be published. The writer solved 
this same geometrical problem, dealing with 
trapezoidal shear diagrams in the spacing 
of stirrups, and the solution was published 
in Concrete and Constructional Engineering, 
June 1944. 

This solution has been applied in Europe 
where equal distribution of stirrups and 
bending at the centers of gravity of the 
trapezoids are standard practice. Utilizing 
the writer’s method, a table is drawn up 
containing coefficients, tabulated from n = 
2 to n = 6, which when multiplied by a 
ZIVE Sn, Sn + Sn—1, Sn + Sn—1 + Sn—2, aNd SO On. 


eae 
—-zr+1] 1 | 


| 
} | 
St eo) 
=2 | 0.138 | 0.529 | | 
3 | 0.089 


= 
| 
0.296 | 0.617 | 

4 | 0.065 | 0.211 | 0.390 | 0.667 | 


= 5 | 0.052 | 0.164 | 0.295 | 0.455 | 
| | | 


} 
| 
| 
| 
| 


= 6 | 0.043 | 0.134 | 0.236 | 0.357 | 0.502 | 0.728 


Mr. Moyse’s solution was exact and general, 
that is to say, the shear diagram may be a 
trapezoid as well as a triangle, whereas, the 
writer’s method is an approximation of the 
general case. However,: a comparison of 
results by the two methods shows satis- 
factory accuracy of the approximation. In 
the example presented by Mr. Moyse n = 6, 
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posals may be interested in the services of 
a consultant on radioisotope techniques. 
Lists of consultants appeared in Nucleonics 
for July, 1951, and January, 1952. 
F. W. Kirrre.i, Sanitary 
Engineer, Radiological Safety 
Branch, Isotopes Division, 
U. 8. Atomic Energy Com- 
mission, Oak Ridge, Tenn. 


and for this value of n the writer’s table 
yields the following results (values in 
parentheses from Mr. Moyse’s formula): 
85 = 0.043 X 48 = 2.06 in. (2.0 in.) 
s5 = (0.134 — 0.043) X 48-= 4.45 in.(4.38 in.) 
8, = (0.236 — 0.134) X 48 = 4.90 in.(4.90 in.) 
8; = (0.357 — 0.236) X 48 = 5.80 in. (5.66 in.) 
82 = (0.502 — 0.357) XK 48 = 6.95 in.(6.90 in.) 
s, = (0.728—0.502) X 48 = 10.85 in.(9.78 in.) 
Of course, this table may be extended for 
any value of n. The writer has no intention 
of minimizing the originality of the author’s 
solution, but rather would like to point out 
that (1) the solution presented by Mr. 
Moyse is not the first, as most probably was 
the case with the writer’s solution, and (2) 
all practical values should be tabulated 
once and for all—possibly from the exact 
formula—thereby saving labor for engineers 
who wish to utilize Mr. Moyse’s solution. 
L. S. Muvtier, Palestine 


Land Development Co., Ltd. 
Jerusalem, Israel 


* * * * 


Jack Moyse’s contribution in the June, 
1953, JouRNAL is not the first time this 
method of stirrup spacing has been proposed. 
On the contrary, M. Askin in the September, 
1940, issue of Proceedings, Turkish Society of 
Civil Engineers and in the January, 1943, 
issue of Technical Bulletin, Ministry of Public 
Works of Turkey, presented the identical 
method of stirrup spacing proposed by 
Mr. Moyse. 

M. Toxoz, Ankara, Turkey 





Bridges 


Studies of slab and beam highway bridges, 
Part V: Tests of continuous right l-beam bridges 
C. P. Stress and I. M. Virest, Bulletin No. 416, Uni- 
versity of Illinois Engineering Experiment Station, 
1953 

AvutTuors’ SUMMARY 
tests made on_ three 


Laboratory were 


quarter-scale models of two-span continuous 
right five 
rolled steel beams supporting a reinforced 


I-beam bridges consisting of 


concrete deck slab. One bridge was provided 
with shear connectors between the beams and 
the slab throughout the entire length of both 
spans, another bridge had shear connectors 
only in the regions of positive moment,, while 
the third bridge had no shear connectors at 
all. Results of the tests are compared with 
the results of both tests and analyses of 
simple-span bridges and with limited data 
from analyses of two-span bridges. 


Reinforced concrete trough bridges (Stahlbeton- 

trogplattenbruecken) 

N. BrrrensBinpver, Beton- und Stahlbetonbau (Berlir 

V. 47, No. 4, Apr. 1952, pp. 82-87 
Reviewed by Rupo.en Fiscui 

A new trough bridge system Was developed 

continuous 

two-way slabs, elastically supported by the 


in Austria, using as the deck 


main girders. More than 30 bridges with 
spans up to 30 m have been built, and proved 
For- 
mulas and tables for moments in the slabs 


more economical than steel bridges. 


due to the elastic deformations of the sup- 


porting girders and influence lines are given. 


*A part of copyrighted JouRNAL or THe AMERICAN Concrete Instrrute, \V 
V. 50. Address 18263 W. McNichols Rd., Detroit 19, Mich. 


the book or article reviewed is in English. 


Nibelungen Bridge at Worms (Die Nibelungen- 
bruecke bei Worms) 


H. Seme, Zeitschrift 
No. 16, June 1, 


VDI (Duesseldorf), V. 95, 
1953, pp. 480-481 


Reviewed by Aron L. Mirsky 


Condensed description of the first concrete 
bridge built) over the navigable portion of 
the Rhine, at Worms. 
three-span structure was by the “free-span”’ 


Construction of the 


technique, involving cantilevering from the 
abutments and piers, prestressing being used 
to counteract tension in the concrete due to 
the large negative moments involved. 
Method has been 
U. Finsterwalder in 


described in detail by 


several articles (e. q., 
Bridge over 
Stahl- 


“Construction of the Highway 
the Rhine at Worms,” 
betonbau, V. 48, No. 
Prestressed 


Nov. 


Beton- und 
1, Jan. 1953, pp. 1-5; 
Bridge,” 
Proc. V. 49, 


Concrete 


1952, 


“Free-Span 
ACI 
pp. 22 


oe 


JOURNAL, 


9-232). 


Prestressed concrete gives new life to an old 
bridge 

T. K. Ricwarps, Constructional Re 
26, No. 4, Aug. 1943, pp. 16-18 


Sidney 


Prestressed concrete beams carrying a 
cast-in-place wearing surface were placed on 
35-ft 


SJowral, Australia. 


existing abutments and piers of a 


bridge reconstructed near 
Method is seen ds applicable to many similar 
Australian structures. Principal difficulties 
lack of suitable mobile and 


were cranes 


mechanical tamping and screeding equip- 


ment required for speedy construction. 


E, 25, No. 5, Jan. 1954, Proceedings 
Where the English title only is given in a review, 


If it is followed by a foreign title the work reviewed is in that language. 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


original article is indicated in parenthesis following the English title. 


available through ACI. 
available, will be furnished by ACI on request. 


In most cases they can be obtained direct from the original publishers. 


Copies of articles or books reviewed are not 
Address, when 
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Prestressed concrete footbridge shows savings 
The British Constructional Engineer (London), V. 4, 


No. 2, Aug.-Sept. 1953, pp. 31-33 

Specifications and construction details for 
362-ft prestressed concrete footbridge cross- 
ing a ravine in a housing development. 
Prestressed frames support cantilevered spans 
of varying lengths. Discussed are concrete 
mix design, mixing and placing equipment, 
formwork, and equipment and sequence of 
erection of 650 concrete units varying from 
200 to 2300 Ib. 


Design 


Soprtsioate design of fixed rectangular plates 
(Naherungsweise Berechnung eingespannter 
Rechteckplatten) 
K. GrrKMann and E. Tunoat, Oesterreichische Bau- 
zeitschrift (Vienna), V. 8, No. 3, Mar. 1953, pp. 47-53 
Reviewed by Rupotra Fiscuu 
Using a simplified differential equation for 
the deflection surface, direct formulas for the 
unknown forces are developed for uniformly 
distributed load. A numerical example 
shows the application of the formulas and 
the results are compared with the exact 
solution as found by Timoshenko. 


Design of indeterminate reinforced concrete 
structures (Zur Berechnung statisch unbestimmter 
Stahlbeton-Stabwerke) 


K. JaGer, Oe6csterreichische Bauzeitschrift (Vienna), 
ve 8, No. 1, Jan. 1953, pp. 1-4, and No. 2, Feb. 1953, 

sates Reviewed by Rupo.ps Fiscuu 

The author argues that neither the con- 
ventional nor the plastic theory are adequate 
for the design of indeterminate structures, 
each theory using only a limited range of 
loading conditions. It is necessary to con- 
sider the whole range—working load, critical 
distortion, rupture—to develop directions for 
sound design. The author discusses the 
criteria of a theory of strength of material 
for reinforced concrete which includes the 
total range of stresses up to rupture. Test 
results by C. Bach and O. Graf were used 
to check the theory. Of great importance 
is the distribution of reinforcement which 
should closely follow moment distribution 
at the critical condition. The author shows 
that the conventional design method may 
reduce the factor of safety as much as 80 
percent. 
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Anchored bulkheads 


Kart Terzacut Proceedings, ASCE, Separate No. 
262, V. 79, Sept. 1953, 40 pp., $0.50 
AuTHOR’s SUMMARY 

In Part I the fundamental assumptions 
made in existing methods of bulkhead design 
are compared with observational data pub- 
lished in the past few decades. The investi- 
gation shows that the discrepancies are too 
important to be ignored in design. 

Part II deals with evaluation of the forces 
acting on bulkheads and with 
safety requirements. The importance of the 
errors involved in the estimates of bending 
moments and soil reactions depend, to a 
large extent, on the type of soils involved 
in the design problem, on the degree of com- 
plexity of the structure of the soil strata, on 
uniformity of the backfill 
material, and on the time and labor invested 
Therefore, it 
would be economically unjustified to select 


anchored 


the degree of 
in the subsoil exploration. 


the allowable stresses and safety factors in 
the construction materials without taking 
into consideration the degree of reliability 
of the available data. 
values requires experience and good judgment. 

If the designer has only the results of a 


The selection of these 


available, 
the problem must be solved on the basis of 
empirical values such as those contained in 
this paper. 
of bulkheads, involving unusual features not 
treated in this paper, the designer must im- 
provise the procedure; and, in doing so, it 
will be found advantageous to consult the 
results of the experimental investigations 
summarized in Part I. 


conventional subsoil exploration 


In connection with the design 


Moments of area of irregular plane figures 
H. G. Epmunps, The Engineer (London), V. 196, 


No. 5090, Aug. 14, 1953, pp. 213-216 
Reviewed by Aron L. Mirsky 

Describes graphical-method of calculating 
moments of inertia J,, I,, product of inertia 
K,,, and polar moment of inertia J, of 
irregular plane figures about arbitrarily 
chosen axes. Method involves the use of 
transparent overlays scribed with appropri- 
ately spaced grid lines. Basic mathematical 
theory is given. 

Considering the many uncertainties in- 
volved in structural analysis and design, 
most American engineers will probably be 
content with simpler, approximate methods. 





CURRENT REVIEWS 


Stability of pressure line arches in the plastic 
range (Ueber die Stabilitaet der Stuetzlinien- 
bogen im plastischen Bereich) 
A. Pucuer, Oesterreichische Bauzeitschrift (Vienna), 
V. 8, No. 3, Mar. 1953, pp. 53-58 
Reviewed by Rupourn Fiscai 
Following the stability theory by Engesser, 
the condition of buckling is derived for a 
parabolic arch according to the 
pressure line, in the range of the plastic 
behavior of concrete. A discussion on how 
to use the theory for generally shaped arches 
concludes the paper. 


shaped 


Some problems in flexural testing 
F. A. Buaxey, The Engineer (London), V. 
5087, July 24, 1953, pp. 98-100 

Reviewed by Aron L. Mirsky 


196, No. 


In performing even simple flexural tests 
it is rare that the experimental conditions 
agree exactly with the assumptions involved 
in the mathematical Thus, un- 
wanted restraints may, and usually do, exist 
at the reactions and at concentrated loads 
for example. Using only the elementary 
theory of elasticity, author investigates the 
possible errors due to such undesired factors 
in the case of concrete beams of small de- 
flection, demonstrating also that the results 
hold (with minor and obvious modification) 
whether the assumed stress distribution in 
the tension 


analysis. 


zone is linear or parabolic. 
Beams of large deflection and beams stressed 
in torsion are also studied. 

Article, while requiring considerable ap- 
plication on part of reader, is recommended 
to all interested in laboratory testing of 
materials and structural models. 


On an approximation method for analyzing 
cylindrical shells (Ueber ein Naeherungsver- 
fahren zur Berechnung der Kreiszylinderschale) 
4. Meumet and W. Fucussterner, Der Bauingenieur 


(Berlin), V. 28, No. 4, Apr. 1953, pp. 116-123 
Reviewed by Aron L. Mirsky 
A theoretical analysis based on principle of 
continuity as employed in analysis of plates 
(Grashof’s method*), arch dams, cylindrical 
tanks, etc.: if an indeterminate structure is 
divided into determinate 
proportion of total load taken by each must 
be such that deflections at points of inter- 
section of systems are equal. Authors con- 
sider barrel roofs to be divided into three 


several systems, 


va Author’s spelling: Grasshoff. 
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participating systems: membrane, load-carry- 
ing members in the longitudinal (x) direction 
[edge beams], and load-carrying members 
in the radial (¢) direction [tie frames]. 
Treatment covers dead, and 
loadings, and various end conditions. As a 
numerical example, an intermediate span of 
a barrel roof (length 9 m, radius 6 m, sub- 
tended angle 60 deg, and thickness 8 em) 
continuous in the longitudinal (x) direction 
[and consequently treated as fixed at the 
transverse supports (tie frames)] and sup- 
ported on edge beams which are torsionally 
weak and able to withstand bending only 
in the direction normal to the shell at the 
springing line, is analyzed for dead load. 
Interested readers are also referred to the 
papers presented at the Symposium on Con- 
crete Shell Roof Construction, held in London, 
July 2-4, 1952 (a detailed report appeared in 
Engineering, V. 174, No. 4511, 4512, 4513, 
4515: July 11, pp. 55-56; July 18, pp. 75; 
July 25, pp. 104-106; and Aug. 8, pp. 186-187). 


wind, show 


Design of circular stairs (Berechnung gewun- 
dener Treppenlaeufe) 


F,. Hauvsrirrer, Beton- und Stahlbetonbau 
V. 47, No. 7, July 1952, pp. 159-163 
Reviewed by Rupo.ps Fiscu. 


(Berlin), 


The design ofa circular stair, representing 
a three-dimensional problem, may be reduced 
to a plain structure by neglecting the small 
normal Thus the 
becomes a full or segmental annular plate 


forces. basic structure 
and can be solved with the theory of plates. 
The theory is developed for a uniformly 
loaded plate with the ends and the outer 
edges freely supported and with center angles 
up to 360 deg. Based on this exact theory, 
an approximate method of design is developed, 
giving simple formulas for the tangential and 
the outer 
An example illustrates the method. 


radial moments and the shear at 


edge. 


rma thrust on a two-pinned parabolic 
arc 


R. Hicks, Engineering (London), V. 176, No. 4563, 
July 10, 1953, p. 34 


Reviewed by Aron L. Mirsky 


Author has “discovered’”’ that for con- 
centrated lodds the evaluation of the hori- 
zontal reactions on a two-hinged parabolic 
arch by the method of elastic weights using 
statically-determinate auxiliary structures is 


much quicker and easier than integration. 
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end load of a strut with elastically-fixed 


GERCKE, yong (London), V. 176, No. 
shee “July 17, 1953, es -70 
eviewed by Aron L. Mirsky 


Although Euler’s column formula is not 
used directly in reinforced concrete design, it 
is one of the fundamentals of structural 
engineering and thus of interest to all 
designers. 

Writing Euler’s equation in the generalized 
form @ = PL*/(EI), author derives a rela- 
tively simple expression for ¢, which he calls 
the “specific collapsing load,” in terms of 
the end conditions, which are perfectly 
general in that the ends are not only elasti- 
cally hinged (that is, the restraining moment 
developed is proportional to the slope of the 
tangent at the end) but are also free to move 
laterally, relative to each other, against an 
elastic resistance. The coefficients of pro- 
portionality for angularity or lateral fixity 
may, of course, have any value from zero 
(perfectly pinned, or full freedom to deflect 
sideways) to infinity (perfect fixity), as 
required. 

Results of derivation are then used to 
study the buckling characteristics of various 
types of struts, the breakdown load of a 
rigid strut (EJ = ©), and equivalent buck- 
ling lengths. In this regard, author demon- 
strates that Euler’s formula P’ = 7°EI/L* 
has perfect validity for that part of a strut 
between two points of contraflexure, if the 
distance between such points be used as the 
effective length. 


Design of reinforced concrete a grillage 


irders (Zur 
raegerrosten) 


K. JaGcer, Oéesterreichische + cmateas (Vienna), 
V. 8, No. 3, Mar. 1953, pp. 
Revigwed by Rupourx Fiscu. 


Berechnung von beton- 


Torsion of the cross girders can not be 
neglected in comparison with that of the 
main girders, as is done in approximate 
solutions. The author treats a special case 
with four main girders, one cross girder at 
midspan and two cross girders over the 
simple supports which are assumed to be 
rigid. The system is freely supported. 

The solution is derived by the method of 
deformation. Stiffness of the deck slab is 
neglected. Influence lines are developed by 
superposing a symmetrical with an opposite 
symmetrical loading case. Computations 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


January 1954 


may be simplified by increasing the stiffness 
of the cross girder at midspan and keeping 
the distance between the main girders smaller 
or equal to one-tenth of the span. An 
example illustrates the conclusions. 


Graphic method of designing cylindrical shells 


A. L. L. Baxer, Concrete and Constructional Engi- 
neering (London), V. 48, No. 9, Sept. 1953, pp. 303-306 

Author claims for his graphic method a 
quick solution, more freedom from errors, 
and better visualization of the influence of 
shape and load distribution on bending 
stresses. Distribution of shear, transverse 
bending, and transverse thrust are scaled 
from force diagrams at various cross sections. 


Application of photoelasticity to civil engi- 
neering (Le applicazioni della fotoelasticita’ 
alla ingegneria civile) 
Guipo Querra, Il Giornale Del Genio Civile (Rome), 
V. 88, No. 11, Nov. 1950, pp. 666-671 
Reviewed by G. Mianv.tii 

Models of redundant structures examined 
by photoelasticity are often used in determin- 
ing the critical stresses. For rigid frames 
and arches, it is possible to locate the point 
of inflection and the unknowns. The material 
employed is gelatin, a plastic. 


Materials 


From sand and gravel to lightweight aggregate 
Watrer B. Lennart, Rock Products, V. 56, No. 9, 


Sept. 1953, pp. 70-74 

Describes plant for production of expanded 
shale aggregate from New Province shale 
quarried near Louisville, Ky. Crushed shale 
is expanded in 8 x 125-ft rotary kiln. Inter- 
esting use of quarry overburden is to con- 
struct earth dam to augment water supply 
to plant. 


Batching bulk cement for truck delivery 
Bror Norpserc, Rock Products, V. 56, No. 8, Aug. 


1953, pp. 110-123 

Article is more extensive than title suggests 
since cement plant modernization is covered 
as well as provisions for bulk delivery of 
cement in a fleet of thirty-four 72-barrel 
enclosed semitrailer trucks. Four trucks are 
loaded simultaneously from suspension hopper 
print-weigh scales. Low pressure pneumatic 
conveyors in plant and trucks speed cement 
handling. 
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Gap-graded aggregates 
J. D. O’Keerez, Concrete and Constructional Engi- 
neering (London), V. 48, No. 5, May 1953, pp. 173-178 
From results of a series of tests described 
in the article the author concludes that for 
the 34-in. aggregate used certain gap grad- 
ings omitting *%- to %@-in. material may 
produce a concrete with better workability, 
density, and water requirement than a con- 
tinuous grading. The proportion of sand 
was found to be important; a wrong choice 
may result in concrete liable to segregation, 
or concrete of low density and high water 
requirement if an excess of sand is used. 


Lightweight aggregate 
H. Hopson, Constructional Review (Sydney), V. 25, 
No. 12, Apr. 1953, pp. 19-29 


Describes Australian experimental work 
to develop an expanded lightweight aggre- 
gate from local clay. Pilot plant difficulties 
are discussed and a mix design for the 
material developed is offered. 


Modern conveyor plant for cooling aggregates 

for mass concrete (Eine nevartige Bandanlage 

zur Kuehlung der Zuschlagstoffe fuer Massen- 

beton) 

H. Hormann, Der Bauingenieur 

No. 5, May 1953, pp. 177-178 
Reviewed by Aron L. Mirsky 


(Berlin), V. 28, 


Description of aggregate cooling system 
used during the construction of India’s 
Vaitarna Dam. Major emphasis of article 
is on low-speed trough-type belt conveyors; 
author is connected with Cologne firm that 
designed them. 

See also The Engineer (London), V. 195, 
No. 5065, Feb. 20, 1953, p. 281 (“Current 
Reviews,” ACI Journat, June 1953, Proc. 
V. 49, p. 970) and Engineering News-Record, 
V. 151, No. 10, Sept. 3, 1953, pp. 37-38 
(“Current Reviews,” ACI Journat, Dec. 
1953, Proc. V. 50, p. 344). 


High peg cg from rejected material 


treated by .S. (Heavy-media separation) 
Water B. Lenuart, Rock Products, V. 56, No. 7, 
July 1953, pp. 56-60 

Gives flow sheet and illustrates heavy- 
media separation plant for removing unsound 
particles from a Minnesota glacial gravel. 
Shales and soft porous rocks which caused 
surface pop-outs in concrete were success- 
fully removed. 
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How to get good stucco results 
Practical Builder, V. 18, No. 8, Aug. 1953, pp. 112, 114 


Brief illustrated directions for applying 
stucco over metal lath. 


Bulk handling of cement 
Engineering (London), V. 176, No. 4565, July 24, 


1953, p. 109 
Reviewed by Aron L. Mirsky 
To eliminate cost and nuisance involved 
in use of bagged cement (to say nothing of 
the difficulty of obtaining paper bags in 
England days), a transporter-silo 
combination has been developed. Two 
light-alloy spheres mounted on a_ truck 
chassis form the transporter, which has a 
capacity of over 7 tons of cement. Loading 
is through manholes in the tops of the 
spheres; unloading is pneumatic, about 25 
min being required for a full 7-ton load. 
The silo for storage, with a 
capacity of 10 tons of cement, is constructed 
of resin-bonded laminated wood, and is 
light enough to be manhandled by 10 laborers; 
it is equipped with a rail-mounted discharge 
buggy or hopper and a gate which opens 
when the hopper is pushed into place and 
when the predetermined weight 
(currently 200 Ib) of cement been 
delivered into the hopper. 


these 


on-the-job 


closes 


has 


Pozzolan cements gaining favor in Mexico 
Freperico Barona DE LA O, Rock Products, V. 56, 


No. 8, Aug. 1953, pp. 124-127, 192-194 

Author compares Mexican specifications 
for cements with those of ASTM, describes 
cement manufacture in Mexico, and reports 
that 15 percent of the cement produced there 
is of the portland-pozzolan type. 


Machine grinding in concrete unit plants 


according to the present state of technolog 
(Maschinschliff in Betonwerksteinbetrieben nac 
dem heutigen Stand) 
H. Kopron, Betonstein-Zeitung (Wiesbaden), V. 19, 
No. 4, Apr. 1953, pp. 144-147 
AvuTHOR’s SUMMARY 

Deals with surface treatment of concrete 
units. The of the units with 
regard to shape, dimensions, angles, edges, 
and profiles is stressed, as well as the necessity 
for a homogeneous mix and a good bond 
between upper and basic concrete layer. 
The author discusses a series of grinding 
machines as well as abrasive materials. 


exactness 
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Precast concrete 


Two power plant halls in precast concrete con- 
struction (Zwei Kraftwerkshallen in Fertig- 
betonbavart) 


R. R. Kunun, Beton- und Stahlbetonbau (Berlin), V. 47, 
No. 5, May 1952, pp. 114-118 
Reviewed by Rupotpn Fiscuu 

The main consideration for building these 
turbine and generator halls in precast con- 
crete was not economy, but a considerable 
reduction in construction time. The frames 
of one hall are two-hinged, with 13.3-m 
span, 10.18-m height, and 3.55-m center to 
center distance. The frames of the other 
hall have fixed ends; the main dimensions 
are about the same as in the first case. The 
halls have a 20-ton and a 32-ton crane, 
respectively, with an 8 ton manually operated 
trolley at the ridge. 

Horizontal ties at the upper ends of the 
columns provide stiffness in the longitudinal 
direction, together with precast pumice 
concrete roof slabs rigidly connected with the 
top of the frames. The frames were cast in 
three Separating joints between 
columns and beam were located approxi- 
mately at the inflection points for dead load. 
After erection of the three parts of a frame 
the reinforcing bars were are welded at the 
joints. Many technical details and photos 
illustrate the paper. 


sections. 


Shaping and placing of concrete block (Form- 
gebung und Verlegung von Betonstein) 


J. von Bismark, Betonstein-Zeitung (Wiesbaden), 
V. 19, No. 3, Mar. 1953, pp. 95-98 
AvuTHoR’s SUMMARY 


Describes how and why concrete block and 
slabs, especially stair treads, should be 
placed in such a way that the inevitable 
action of concrete such as shrinkage, expan- 
sion, and temperature fluctuation will not 
lead to cracking. It is suggested that the 
traditional plank-shape of concrete units be 
abandoned in favor of the beam- or angle- 
section which fits in better with the me- 
chanical and physical properties of concrete. 


Specialize in precast window frames 
Porter V. Tayuor, Rock Products, V. 56, No. 8 


Aug. 1953, pp. 259, 273 

Short account of casting, curing, and 
handling of precast concrete window frames 
at plant in Miami, Fla. 
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Building panels precast in plastic forms 
Engineering News-Record, V. 151, No. 17, Oct. 22, 
1953, p. 33 
Reviewed by 8S. J. CHAMBERLIN 

More than 1000 reinforced concrete floor 
and roof panels, as large as 4144 x 20 ft, 
were precast from only five, glass-fiber rein- 
forced, plastic forms. Each form was a 
single sheet of plastic 4 in. thick, fabricated 
by a boat builder experienced in producing 
plastic hulls. The high initial cost of about 
$5 per sq ft was offset by their durability, 
“repairability,” lightweight, and the desirable 
texture obtained on the concrete. After 
steam curing the units were flipped over by 
a fork-lift truck equipped with belts and 
pulleys and the forms stripped by the fork 
lift. 


Notes on problems of Jesepeive and pre- 
stressing of structures (in Czech) 
A. Pavurk, Stavebni Prumysl (Prague), V 
Jan. 10, 1952, pp. 4-11 

Reviewed by Ivan M. Vigst 


le ae Oe I, 


A general paper concerned with practical 
problems encountered in the manufacture of 
precast and prestressed concrete elements 
and ‘structures. Detailed discussion 
voted to various methods of obtaining rapid 


is de- 


setting and hardening of concrete. 


Precast rigid-frame warehouse 


Engineering News-Record, V. 151, No. 19, 
1953, pp. 30-32 


Nov. 5, 
Reviewed by S. J. CHAMBERLIN 


Construction of three 200 x 600-ft ware- 
houses for the Navy is faster and more 
economical than that of a similar job eight 
years ago because of improved techniques 
and simplified design. The three-bay rigid 
frames are seven segments (two 
exterior L-columns, two T-caps supported 
by interior columns, and three drop-in 
girders) with weight reduction accomplished 
by inserting 10- and 12-in. diameter capped 
tubing in the reinforcing cages. Spans are 
65-70-65 ft. Exposed steel is welded to- 
gether and the joints filled with concrete. 
Walls, roof slabs, and canopy slabs are also 
precast concrete. Roof panels are 14 in. 
thick and weigh only 31 lb per sq ft. All 
precast units are handled with a straddle 
truck equipped with a vacuum lift and 
erected with truck crane. Contract cost of 
the buildings alone is about $5.85 per sq ft. 


cast in 
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Prestressed concrete 


Continuity using post-tensioned high-tensile 
alloy steel bars 


G. O. Ken, Proceedings of the Symposium on Pre- 
stressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 
115-130 (including discussion) 

AvuTHOR’s SUMMARY 


Discusses briefly the theoretical and 
practical problems associated with continuity 
and the advantages which can be derived 
from it, particularly where precasting is used. 
The technique of using bars is considered, 
and mention is made of the use of couplers 
which opens fields of application. 
Methods of achieving continuity are de- 
scribed, with particular reference to con- 
tinuous beams and portals, both precast and 
cast-in-place. 


new 


Relevant equations are also 


given. Multistory frames are described. 


Principles of prestressing beams and frames 
(Grundsaetzliches zum Vorspannen von Balken 
und Rahmen) 


G. Franz, Beton- und Stahlbetonbau (Berlin), V. 47, 
No. 6, June 1952, pp. 137-142 
Reviewed by Rupo.pn Fiscuyi 


Discusses the deformation of reinforced 
concrete members due to prestressing and 
creep of concrete. The behavior in formwork, 
over supports, and due to aging of concrete 
are shown for freely supported structures as 
well as for continuous beams and frames. 
The deformation should be _ considered 
carefully in indeterminate structures where 
they may cause severe changes in the con- 
dition of continuity. 


Prestressed span is double-decked for railway 
on top, coal conveyor below 


Engineering News-Record, V. 151, No. 19, 
1953, pp. 63-67 


Nov. 5, 
Reviewed by 8. J. CHAMBERLIN 

The 77-fi span consists of two 5 ft 9 in. 
deep girders on 16-ft 8-in. centers. Girders 
were precast in three The 
conveyor, deck was formed by 


sections each. 
lower, or 
laying precast hollow floor sections on the 
lower flanges of the girders, covering with 
2 in. of concrete, and then prestressing trans- 
versely and longitudinally. The transversely 
prestressed upper, or railway, slab was cast 
in place on top of the girders and is simply 
supported to avoid transference of transverse 
moments. Prestressing was done with the 
Freyssinet system. 


Prestressed concrete tower 
Commonwealth Engineer (Melbourne), V. 40, No. 6, 


Jan. 1953, pp. 227-230 

Construction details of a 39 x 33-ft by 
99-ft high tower to house ice-making ma- 
chinery at Warragamba damsite in Australia. 
Both columns and beams were precast and 
prestressed. 


London Airport buildings—Prestressed concrete 
hangars 
The British Constructional Engineer (London), V. 3, 
No. 4, Feb.-Mar. 1953, pp. 43-44 

Contract for hangars was awarded from 
20 alternate design bids offering a variety 
of materials with the winner being a combi- 
nation reinforced and prestressed, precast and 
cast-in-place concrete structures. 

The front of the hangars is composed of 
reinforced concrete carrying pre- 
150-ft door 
cast-in-place 


pylons 
stressed frontal beams over the 

These 
stiffened by 
diaphragms. 
beams span 110 ft from the frontal beams 


openings. beams are 


concrete precast prestressed 


The sectionally precast roof 
to the rear wall. On them precast prestressed 
purlins support the aluminum roof decking. 

Workshops are also of composite cast-in- 
place and prestressed concrete. Site precast 
columns support roof and floor beams made 
by the long-line prestressing system. 


**‘Leoba” method of prestressing 
Concrete and Constructional Engineering 
V. 48, No. 8, Aug. 1953, pp. 266-268 


( London), 


In this system flat cables, made of twelve 
0.2-in. 


ranged in two layers of six wires each. 


diameter high-tensile wires are ar- 
The 
wires are held in position by spacers and are 
The 
sheath is placed in the forms and wired to the 
mild-steel The high-tensile 
wires are loose inside the sheath which, due 


enclosed in a corrugated metal sheath. 
reinforcement. 


to its rectangular cross section, is flexible. 

At the fixed end of the cable the wires are 
brought out of the sheath in hairpin hooks 
fastened to a steel spiral anchor. At the 
tensioning end the wires loop around a cast- 
steel cross head threaded to receive a bolt 
which holds the assembly in place in the 
form. To tension the wires, the bolt is re- 
placed by a threaded steel rod on which a 
nut is tightened against a steel plate when 
jacking has been carried to the desired point. 
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Determination of continuity bending moments 
in prestressed continuous beams 
E. G. Trumps, Proceedings of the Symposium on 
Prestressed Concrete Statically Indeterminate Struc- 
tures, Cement and Concrete Assn. (London), 1953, 
pp. 95-113 (including discussion) 

AvuTHoR’s SUMMARY 

The act of prestressing a set of continuous 
beams induces bending moments which are 
in some cases as large as those produced by 
the eccentricity of prestress. The simplest 
method for the determination of these mo- 
ments is to assume all joints fixed, calculate 
the fixed end moments, and to distribute 
these by the Hardy Cross method. 

This paper deals with the determination 
of the fixed end moments, firstly in the most 
general case and subsequently in more 
specialized cases. In most practical cases 
the beam may be approximated by a pris- 
matic beam with straight or parabolic 
haunches, in which case tables may be used 
and no general tabular integration is 
necessary. 


Dywidag 
Spannbeton 
Max Lverze, G. Kani, F. Leonnarpt, and U. 
FINsSTERWALDER, Der, Bauingenieur (Berlin), V. 28, 
No. 5, May 1953, pp. 185-187 

Reviewed by Aron L. Mirsky 


pamene concrete (Dywidag- 


Dr. Finsterwalder’s original paper in Der 
Bauingenieur (May 1952, pp. 141-158; see 
“Current Reviews,” ACI JournaL, Feb. 
1953, p. 595) appears to have aroused con- 
siderable discussion, some of which has 
already been published (Der Bauingenieur, 
Nov. 1952, pp. 418-424; see “Current 
Reviews,” ACI Journat, May 1953, p. 869). 
Current round is primarily concerned with 
the steel used in prestressed concrete. 


Theoretical treatment of continuity in pre- 
stressed concrete 
Y. Guyon, Proceedings of the Symposium on Pre- 
stressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 
131-171 (including discussion) 

AUTHOR’s SUMMARY 

The paper deals with the problem of deter- 
mining a suitable line for the cable in a 
statically indeterminate prestressed concrete 
structure. 

The case is considered of a beam in which 
the only forces applied are those arising 
from prestressing, and the conditions which 
the cable must satisfy so that prestressing 
produces no additional reactions at the 
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supports are deduced. The effect of the 
superposition of external loading, and the 
resulting conditions imposed on the cable 
are then considered, and several methods of 
determining “concordant” cable lines satis- 
fying given conditions are given. 

The theory is then generalized to more 
complex systems, particular attention being 
paid to portal frames. The paper concludes 
with a consideration of the technique of 
adjusting the reactions on a structure by 
means of jacks, and the difficulty of main- 
taining these reactions due to creep, etc. 


Large factory for prestressed concrete products 


Concrete and Constructional Engineering (London), 
V. 48, No. 6, June 1953, pp. 197-203 

Said to be the largest factory in the world 
producing precast prestressed concrete prod- 
ucts by the long-line process, this plant near 
Glasgow has 112 stressing beds 470 ft long 
arranged in 56 pairs, and a number of shorter 
beds from 20 to 125 ft long. Pre-tensioned 
bonded sheet piles, bearing piles, light posts, 
transmission-line poles, bridge beams up to 
50-ft span, patented floor units, and railroad 
ties are standard products. Post-tensioned 
units may also be produced. Workmen 
number 300 to 350. 


Resistance to slip of wires in pre-tensioned 
precast girders 

W. Eastwoop and R. D. Mine, Civil Engineering 
and Public Works Review (London), V. 48, No. 566, 
Aug. 1953, pp. 741-742 

Gives results of dynamic loading of 2 x 
6-in. x 12-ft prestressed precast beams to 
determine slip of wires. Supported on steel 
rollers at the nodes, the beams were loaded 
by a vibrator driven at resonant speed (about 
2400 cycles per min) which caused maximum 
bending stresses at the beam centerline of 
+ 700 psi. Stresses on the “tension” side 
were 300 psi tension to 1100 psi compression 
while on the compression side the range was 
1000-2400 psi compression. 

Authors found that repeated severe 
flexural loading of prestressed concrete beams 
in which wires have no positive end anchorage 
does not result in slip of the wires up to 
several million cycles of loading. Even 
when some of the wires were purposely 
oiled so that some slip occurred when they 
were first released, no further slip occurred. 
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Prestressing by means of spreading (Vorspan- 
nung durch Spreizen) 


KARL KAMMUELLER, Der Bauingenieur (Berlin), V. 28, 
No. 4, Apr. 1953, pp. 128-130 
Reviewed by Aron L. Mirsky 

If two parallel cables with ends firmly 
anchored are pulled together in a transverse 
plane, stresses are induced in the cables. 
These stresses can be evaluated from the 
geometry of the deformed cables and Young’s 
modulus. 

Author considers application of this idea 
to the prestressing of beams. In one case, a 
cable with its ends firmly anchored in the 
compression flange of a T-beam is placed on 
either side of the web; the cables are then 
pulled together through openings left in the 
web, transverse ribs or stiffeners of ap- 
propriate length being provided to force the 
‘ables to follow the desired curve instead 
of straightening out. (Result is similar to a 
trussed beam.) Extension of this case to a 
Vierendeel-type beam is also discussed. In 
the second case, the cables, arranged as in 
the first case, are prestressed by being pulled 
vertically downward, to the point where 
they can be slipped under the transverse 
ribs (the bottoms of which are placed on the 
desired curve), by jacks reacting against 
the bottom of the web directly under the 
ribs. This latter method has certain draw- 
backs, and analytical procedure is therefore 
outlined only for the first case. 


Statically indeterminate prestressed concrete 
building 

The Engineer (London), V. 
1953, pp. 86-87 


196, No. 5086, July 17, 


Reviewed by Aron L. Mirsky 


Telephone manager’s office for Northwest 
London was constructed as a series of five- 
story continuous frames placed 12 ft on 
centers. Story height was 11 ft 6 in. The 
beams had a clear span of 45 ft 3 in., and 
were of post-tensioned prestressed concrete. 
The columns were constructed of ordinary 
reinforced Full continuity was 
assumed. 


concrete. 


To minimize “parasitic moments” occurring 
in continuous beams due to prestressing, the 
cable paths were so selected that there would 
be no change in slope at the ends of the beams 
due to prestressing. The beams at each 
floor were stressed as that floor was com- 
pleted, so that a series of analyses for partial 
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frames was required. To have as much 
dead load as possible on the beams while 
tensioning progress, the concrete 
floors were placed with open strips along the 
sides of the beams left to be concreted after 
the prestressing was completed; the floor 
slab itself was thus not affected by the pre- 
stressing operations. 

A long-term program of observations on 
strains and deflections is in progress. 


was in 


Schluchseewerk project 


Kurt A. Scuouz, The Engineering Journal (Montreal), 
V. 36, No. 7, July 1953, pp. 856-862, 865 
Reviewed by Aron L. Mirsky 

Interesting glimpse of this project in the 
Schluchsee-Upper Rhine district in the south- 
western corner of Germany, which, while 
developing only 1 percent of the total power 
output of the West German Federal Republic, 
is part of a grid covering a large portion of 
Germany with connections to grids of five 
other countries (a sixth is to be added), has 
five main reservoirs, a 122 sq mile drainage 
area, 2030 ft gross head, and was completed 
in 1952 after some 24 years of construction. 

Of especial interest are the description of 
the 14 mile of prestressed tunnel lining in the 
Waldshut tunnel and the author’s analysis 
of the failure of a welded penstock at the 
Waldshut plant during the trial runs of the 
second and third units in 1951. Prestressing 
of the concrete tunnel lining was accomplished 
by injecting grout under 255 psi pressure in 
the spaces formed by placing an annular ring 
of precast concrete brick with “warts” 
between the 12 in. thick concrete lining and 
the faired rock tunnel surface. 


New Hinckeldey bridge at Berlin in prestressed 
concrete (Die neve Hinckeldaybruecke zu 


Berlin in Spannbeton) 


H. W. Hevuseu, Beton- und Stahlbetonbau (Berlin), 
V. 47, No. 5, May 1952, pp. 104-110 
Reviewed by Rupotpes Fiscui 

Describes a highway bridge with 63.2-m 
span, consisting of a series of two-hinged 
arched frames with box girders as beams and 
shaped columns. The box 
girders are staggered to provide for the skew 
and are connected by top slabs forming the 
deck, which is partly post-tensioned. The 
frame is fully post-tensioned by using the’ 
Freyssinet system. Details of design and 
construction are discussed. 


solid heavy 
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Properties of concrete 


Shrinkage measurements (in Dutch) 
K. L. A. van ver Leeuw, Cement (Amsterdam), 
V. 5, No. 5-6, June 1953, pp. 83-84 

Reviewed by Jonn W. T. Van Erp 


Length measurements of great accuracy 
(one millionth of a meter) were taken on a 
series of concrete bars of 20x 4x4in. One 
series of bars was kept outdoors and observed 
during a period of 8 months; another series 
of bars was stored in an atmosphere of 
slightly varying temperatures, but constant 
relative humidity, and observed during a 
period of 12 months. Conclusions were that 
there is a correlation between temperature 
and shrinkage, but that surprisingly the 
correlation between relative humidity and 
shrinkage is negligible. On the other hand, 
changes in length due to temperature vari- 
ations are so much greater than those due 
to shrinkage that the influence of the last 
seems to be negligible. Cracks blamed on 
shrinkage of concrete are primarily temper- 
ature contraction cracks. 


Test of workability of cement mortar and plain 

concrete mixes (Essais d'etalement sur les 

mortiers) 

M. Davin, La Technique Moderne-Construction 

(Paris), V. 8, No. 6, June 1953, pp. 194-198 
Reviewed by ALEXANDER M. TuRITzIN 

The usual field method of measuring the 
workability of concrete mixes is the slump 
test. However, this test is of little practical 
value when making comparisons of con- 
sistencies of stiff concrete mixes, since in 
such cases the mass sinks so little, that the 
difference in height is hardly measurable. 
It is a known fact that there are a great 
variety of dry concrete mixes whose work- 
ability cannot be ascertained by using the 
standard slump test. 

To compensate for the lack of a reliable 
test method to gage the workability of dry 
concrete mixes, the author has devised a 
“flowability”’ mortar which 
can also be applied to concrete mixes by 
increasing the size of the testing equipment. 
The test consists in filling with mortar, the 
central compartment of a metal mold 160 mm 
long, 70 mm wide, and 19 mm deep, separated 
into three equal parts by two movable metal 
’ partitions. After the top of the mortar mix 
is leveled off, the metal partitions are care- 
fully removed and the mold is placed on a 


test on mixes 
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vibrating table, suspended on four vertical 
rods rotating at a speed of 4400 rpm. After 
one minute of vibration the mold is removed 
and the metal partitions are set in their 
original positions by cutting off the mortar 
mix which has slumped or spread out under 
vibration. By determining the loss of 
weight of the mortar mass in the central 
compartment of the mold, a relative scale of 
consistency of stiff mortar mixes can be 
established. The drier the mix the less it 
will spread under vibration, and therefore 
heavier portions of the mass will remain in 
the central compartment of the mold. 


New tension test for concrete and brittle 
materials (in Czech) 
K. WartzMann, Stavebni Prumysl (Prague), V. 2, 
No. 20, Oct. 25, 1952, pp. 461-469 
Reviewed by Ivan M. Viest 

This method for determination of the 
tensile strength of concrete consists of testing 
cubes in compression along one diagonal 
plane, and of computing the tension strength 
according to the elastic equation: f; = 0.5187 
P/a*; where f; is the tensile strength, P the 
load at failure, and a the side of the cube. 

Tests were made on cubes made of cement 
paste, sand-cement mortar, and concretes of 
two different mix designs and four different 
types of cement. Control tests were made 
of cubes in compression, beams in flexure, 
and briquettes in The 
strength obtained by the proposed test is 
compared with the results obtained from 
briquette tests and with tensile strengths 
computed from the 
and the modulus of 


tension. tensile 


strength 


Good 


compressive 
rupture. corre- 


lation was found. 


Homogeneity of concrete increases safety 
factor of reinforced concrete structures (in 


Czech) 


K. WatrzMann, Stavebni 


7 » 
No. 10, May 25, 


Prumysl (Prague), 


1952, pp. 228-236 


Reviewed by Ivan M. Viest 


In the introduction the author points out 
that good control of concreting operations 
results in substantial increases of the safety 
of the structure. Then he discusses the 
relative importance of various factors which 
affect the homogeneity of concrete, such as 
gradation of aggregates, mix design, mixing 
time, and others. Various methods of mix 
design are compared. 
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London Airport main access tunnel—Part 1 
H, Smurn, Civil Engineering and Public Works Review 


London), V. 48, No. 565, July 1953, pp. 633-635 
Location of runways and terminal area at 
the London Airport required the construction 
of a 2040-ft tunnel under one runway and 
three The 
tunnel has two outer subways for cyclists 


taxiways. reinforced concrete 
and pedestrians and two two-lane vehicular 
Main ventilating ducts for the 
lanes are under the suspended 


passages. 
vehicular 
floor slabs of the pedestrian lanes. 

Limited information and 


design con- 


struction details are given. 


London Airport main access tunnel—Part 2 


H. Surru, Civil Engineering and Public Works Review 
London), V. 48, No. 566, Aug. 1953, pp. 747-748 


Walls and roofs of the vehicular tunnel 
under a runway and taxiway at the London 
Airport were concreted on specially designed 
One 


the center wall forms while those for each 


traveling forms. carriage supported 
exterior wall had a cantilevered cross head 


which carried the inner and outer forms. 
Ten carriages carried the roof forms. 
Average slump of the 40,000 cu yd of 
concrete was 14 in. The mix was designed 
to be dropped 20 ft inside the wall forms 
without segregation. All 
vibrated with electric or pneumatic vibrators 


with frequencies up to 9000 cpm. 


concrete was 


Large gasholder tank 


Concrete and Constructional Engineering 
V. 48, No. 5, May 1953, pp. 179-186 


(London), 


A reinforced concrete tank 232 ft in dia- 
meter and 42 ft 10 in, deep for a water-sealed 
gas holder presented design and construction 
problems. Because of the planned use of 
pumped concrete and the test requirements, 
it was decided to use reinforced concrete 
rather than prestressed construction. The 
design generally followed the “Recom- 
mendations for Liquid Retaining Structures” 
of the Institution of Civil Engineers with the 
wall being designed by Reissner’s method. 

Variation of foundation conditions from 
the test borings, intrusion of spring water, 
presence of sulfates from old fill, and down- 
hill runs of concrete pipelines created problems 
requiring changes in plans and construction 
procedures. 


407 


Determination of position of reinforcing bars 


(in Dutch) 


Cement (Amsterdam), V. 5, No. 5-5, June 1953, p. 80 
Reviewed by Joan W. T. Van Ene 


instrument 
has been in use whereby the position of steel 


For more than two years an 
reinforcing bars in existing concrete structures 
The 


micro-ampere 


can be determined with great accuracy. 
instrument is essentially a 
meter, measuring the disturbance caused by 
the introduction of a steel bar in an estab- 
The instrument 
can not only be used for the determination 
of the amount of 


lished electromagnetic field. 
concrete cover over the 
bar, but also to determine the alignment of 
the bar. Its most useful application, how- 
ever, is the detection of insufficient coverage 
in older structures, before corrosion of the 
steel has progressed so far that repair of the 
damage becomes difficult if not impossible. 
The instrument was invented and developed 
in the Netherlands where it has proven to be 
a useful tool for inspection and investigation 
Where 


vibrated in place there is always the danger 


of concrete structures. concrete is 


of dislocation of reinforcement. 


Z-block construction 
Suizvo Bac, 
Review 


844-545 


Works 
1953, pp 


Civil Engineering and Public 
London), V. 48, No. 567, Sept 


Thin Z-shaped concrete units, mass pro- 
duced in gang molds, are intended for use 
as forms for walls, columns, beams, girders, 
and The units are laid up in the 
shape of member desired, reinforcement is 
placed, external walers are installed, and the 
concrete placed. The blocks remain in place 
to become the external surface of the member. 


slabs. 


Granby pumping plant foundations and design 
W. R. Jupp and W. H. Wor, Proceedings, ASCE, 
Separate No. 269, V. 79, Sept. 1953, 24 pp., $0.50 


Construction of Granby pumping plant 


R. J. Wriuson, Proceedings, ASCE, Separate No. 
270, V. 79, Sept. 1953, 21 pp., $0.50 


Granby pumping plant is a major feature 
of the Colorado-Big Thompson Project. 
The first paper describes foundation con- 
ditions, their relation to the design, and the 
design analysis. The second paper describes 
construction procedures, particularly the 
concrete operations. 
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Practical methods of determining the effective- 
ness of compaction by vibration (in Czech) 
L. Jeven, Starebni Prumysl (Prague), V. 2, No. 8, 
Apr. 25, 1952, pp. 177-188 


Reviewed by Ivan M. Viest 


After a short discussion of the factors 
determining the effectiveness of compacting 
concrete by four methods for 
measuring this effectiveness are described. 
One method is based on the hydrostatic 


pressure in the concrete mass, two are based 


vibrators, 


on the electrical resistance, and one on the 
resistance to penetration. 


Make floor slabs by centrifugal method 
Watrer B. Lenuart, Rock Products, V. 56, No. 9, 
Sept. 1953, p. 151 

Precast concrete floor members 8 x 8 in. 
in cross section and 634-in. diameter center 
opening are produced by spinning the mold 
and the concrete to obtain a smooth surface 
and dense concrete. 


Rocky Mountain mass concrete operations 
Grorce P. McInpor, Proceedings, ASCE, Separate 
No. 268, V. 79, Sept. 1953, 12 pp., $0.50 

AvutTHoR’s SUMMARY 
Reservoir 
chiefly of a 
arrangement, aggregate 
screening plant, concrete batching plant, and 
a shuttle and cableway system. The plant 
is situated high in the Rocky Mountains 
adjacent to Boulder Creek Canyon at an 
elevation of 7300 ft. 
ment 
efficient and economical cableway operation 
first in mind. Considerable difficulties arose 
in locating the plant and equipment and 


Mass concrete operations at 
Dam No. 22, Colo., 


primary crusher 


consist 


The over-all arrange- 
was selected and designed with an 


access roads due to the hazardous mountain 
and high wind These 
difficulties and the consequent plant arrange- 


slopes velocities. 


ment are discussed in some detail. 


Thin concrete walls and roofs 
Concrete and Constructional Engineering 
V. 48, No. 5, May 1953, pp. 189-190 


(London), 


Two-inch — shotcrete over thin 
bamboo nailed to wood posts form the walls 
of a number of houses and an office building 
in India. In some structures 2-in. wire mesh 
replaced the bamboo. Both site-applied 
shotcrete and precast members were utilized. 


applied 


January 1954 


Save 8 man-hours using steel strapping on 
concrete forms 
Practical Builder, V. 18, No. 7, July 1953, p. 72 


Steel strapping with appropriate tension- 
ing and clamping tools proved a time saver 
in erecting and stripping forms for residential 
concrete walls. 


Revolving tower cranes for construction projects 
(Turmdrehkrane fuer Bavarbeiten) 


Riepic, Der Bauingenieur (Berlin), V. 28, No. 5, 
May 1953, pp. 179-182 


Reviewed by Aron L. Mirsky 


Describes and compares several makes of 
German cranes possessing considerable height, 
In general, 
each crane has a vertical mast and a normally 
horizontal boom which is pin-connected to 
the mast at or near the top, thus permitting 
some The 
mast whirler-mounted on a 
carriage which operates on rails; carriage is 
sapable of negotiating sharp curves. Place- 
ment of area, 


long reach, and large capacity. 


variation in working radius. 


and cab are 


construction 
together with long reach and height, enables 
cranes to place reinforcement, forms, con- 


rails outside 


crete, etc., almost anywhere in construction 
area without 
activities. 


interfering with construction 
Certain makes have the additional 
feature of being easily converted to more 
usual types. 


Small ready-mix concrete plants 


Horace K. Cuurcu, Rock Products, V. 55, No 
Sept. 1953, pp. 159-162 


Cost data on small and 


medium 
crete plants. 


seven typical 


size permanent ready-mixed con- 


Land drainage and sea defense in S. E. England 
G. Custey Crowruer, Ciril Engineering and Public 
Works Review (London), V. 48, No. 565, July 1953, 
pp. 643-644. 


General review of and 
Previ- 
ously used types of sea wall and experiences 


with them are discussed. 


responsibilities 
problems of the Kent River Board. 


Old mass concrete walls having been under- 


mined to the point of collapse, a new stepped 


wall, designed as a beam and supported by 
combination sheet and bearing piling with a 
rear line of conventional reinforced 
crete piles, was constructed. Cost 
approximately $475,000 per mile. 


con- 
was 
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A 50th Anniversary Feature 


A Story of Progress 


Fifty Years of the American Concrete Institute” 


By WILLIAM A. MAPLEST and ROBERT E. WILDET 


SYNOPSIS 
A brief account of 50 years of significant administrative and technical de- 
velopments of the American Concrete Institute. It summarizes changing 
emphasis on various aspects of concrete engendered by technical, economic, 
and political events and trends over the past half century. 


INTRODUCTION 


The history of any organization is a reflection of the ideals and activities 
of individuals or organized groups within it and their influence on the accom- 
plishment of the established objective or its revision to meet changing con- 
ditions. So it has been with the American Concrete Institute and its ante- 
cedent the National Association of Cement Users. This brief account of 50 
years of ACI attempts to point out significant administrative and technical 
developments which have guided the Institute to its present position. It 
summarizes changing emphasis on various aspects of concrete engendered 
by technical, economic, and political events and trends over this half cen- 
tury. Space does not permit naming all the “‘greats’’ who have contributed 
so generously of time and effort to ACI work and progress of the industry. 

The source of the information reported here is the Proceedings of the In- 
stitute and such records of actions of the Board of Direction as exist. Un- 
doubtedly some significant developments, particularly in the early years, 
were not made matters of permanent record and thus escape recognition. 
Perhaps long-time members with equally long memories will add much of 
interest by way of discussion. 


THE FORMATIVE YEARS 


Early in the century a competitive market with a serious lack of standard 
practice in making concrete block had resulted in conditions so unsatisfactory 
that by the summer of 1904 Charles C. Brown, editor of Municipal Engineer- 
ing, at the suggestion of A. S. J. Gammon of Norfolk, Va., and John P. Given, 
Circleville, Ohio, undertook the formation of an organization to discuss the 


*Title No. 50-25 is a part of the copyrighted JourNAL or THE AMERICAN Concrete INstrrure, V. 25, No. 6, 
Feb. 1954, Proceedings V. 50. Separate prints are available at 60 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than June 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

+Secretary-Treasurer, AMERICAN CONCRETE INSTITUTE. 

tManaging Editor, JourNAL or THE AMERICAN CONCRETE INSTITUTE. 
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An example of hollow concrete block con- 
struction of 1905 


problem and attempt to bring order to this rapidly expanding use of concrete. 
An editorial in the September, 1904, issue of Municipal Engineering pub- 
licized the idea and requested suggestions of those interested as to the ad- 
visability of forming an association to promote this objective. 

The hearty response resulted in an informal meeting in October, 1904, 
during the Engineering Congress at the Louisiana Purchase Exposition in 
St. Louis. The original suggestion was to form an association of manufac- 
turers of concrete block machines to educate the users of such machines in 
the proper methods of making good block. After the informal meeting the 
scope of the organization was extended to cover all the various uses of cement 
to bring about a better knowledge of the art. 

In the ensuing months this trio of enthusiasts was instrumental in arousing 
interest in a convention dealing with concrete problems which was held in 
Indianapolis, Jan. 17-19, 1905. At that meeting a society known as the 
National Association of Cement Users was organized with the adoption of a 
constitution and bylaws. 


Objective established 

The object of the new society ‘to disseminate information and experience 
upon and to promote the best methods to be employed in the various uses of 
cement by means of conventions, the reading and discussion of papers upon 
materials of a cement nature and their uses, by social and friendly intercourse 
at such conventions, exhibitions, and study of materials, machinery, and 
methods, and to circulate among its members, by means of publications, the 
information thus obtained,” was not materially different from the present 
aims of the American Concrete Institute. 

The varied interests of those present were reflected in the committees 
appointed to study concrete block and cement products, streets, sidewalks 
and floors, reinforced concrete, art and architecture, testing of cement and 
cement products, machinery for cement users, fireproofing and insurance, 
and laws and ordinances. Technical papers indicated a predominant interest 
in sidewalks and concrete products. 
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In 1907 the first fruits of committee efforts were realized in the report of 
the committee on sidewalks, streets, and floors. This report, later adopted 
as a standard specification, established thicknesses for top and bottom coats 
(two-course construction was the usual practice then), size of block, concrete 
materials, and mix proportions. Necessity for clean aggregate and a low- 
slump mix were recognized. Interesting are the detailed directions for hand 
mixing and the absence of provisions for curing the finished concrete. 

The committee on testing of cement and cement products gave an inter- 
esting summary of the then-existing work of other societies and the newly 
formed Joint Committee and pointed out the urgent necessity for standards 
for concrete block. Proposed specifications for these products included mix 
proportions, mixing procedure, curing (steam curing was suggested), marking, 
testing, and the licensing of manufacturers. 

Precast concrete 

A paper by William H. Mason, “Methods and Cost of Reinforced Con- 
crete Construction with Separately Molded Members,” described precast 
concrete work in which many of the practices presently considered new were 
used. Columns, girders, and roof slabs were precast on the building slabs 
previously placed on the ground using prefabricated reinforcing cages. Roof 
slabs were cast one on top of another to economize on space and forms. Erec- 
tion in those days was complicated by lack of mobile cranes and other efficient 
materials handling equipment. 

Although primary interest in 1908 continued to be in sidewalks and con- 
crete block, there was increasing discussion of reinforced concrete construc- 
tion. Specifications were proposed for portland cement sidewalks and hollow 
building block, and informal reports were given on fireproofing and insurance 
and on laws and ordinances. The first report contained suggestions for fire- 
proofing steel frames, additional thickness of structural concrete to increase 
fire resistance, hollow block walls, concrete chimneys, and a brief reference 
to increased recognition of the value of concrete construction by fire insurance 
companies. The committee on laws and ordinances dealt with what today 
are considered code matters such as design of members and factors of safety. 

Interest increased in 1909 in methods of construction and costs of mono- 
lithic buildings, walls, bridges, subways, and railway work. Architeetural 
requirements and construction techniques in the housing field were also given 
attention. Revision of the specification for sidewalks recognized one-course 
construction and added a provision for keeping the completed work moist 
for three days; the previously required low-slump concrete was replaced by a 
consistency not requiring tamping. A proposed specification for roads set 
forth the requirements for aggregates, form construction, preparation of 
subbase, mixing, and one- and two-course placing of the concrete. In two- 
course work a 6-in. concrete base was to be overlaid with a 4-in. wearing 
surface of 1:3:6 concrete wet enough so as not to require tamping. 

The lengthy report of the committee on laws and ordinances contained 
the results of a survey of owners of approximately 700 concrete buildings 
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Reinforced concrete bridge, Pollasky, Calif., built in 1905 by Pacific Construction Co. 


and a study of standard regulations for reinforced concrete construction. The 
first part of the report compared insurance rates for various classes of con- 
struction and pointed out the disparity in rates in various parts of the coun- 
try and the need for re-rating concrete structures with due allowance for their 
superior fire-resistive nature. The second part of the report, relating to 
suggested building regulations, summarized current building regulations in 
Europe and in principal cities of the United States. The proposed regulations 
themselves encompassed materials, joints, general design assumptions, bend- 
ing moments, working stresses, and construction techniques. 


Tilt-up construction 

Robert Aiken’s “Monolithic Concrete Wall Buildings, Methods, Construc- 
tion, and Cost,” contained the elements of modern tilt-up construction. He 
described the earlier erection of a 5-in. reinforced concrete retaining wall 
which was cast flat upon the ground like a sidewalk and raised on one edge 
and tipped into position (by a derrick) on a prepared foundation where it was 
anchored by steel rods to buried blocks of concrete. It was believed to be 
the first concrete wall erected without forms. A later building was a two- 
story ammunition and gun house for Camp Logan which required floors of 
concrete and air-space walls. The outer walls of this structure were cast 
on the slab with the added improvement of window and door caps, sills, and 
panel joints troweled upon their outer surface while still lying flat. The air 
space was secured by an inner wall made of thin slabs of concrete fastened 
into place and plastered. 

The trend toward searching out answers to the unknowns in the design 
of concrete structures continued in 1910 with reinforced concrete columns 
and flat plates receiving attention. In February, 1910, the “Standard Build- 
ing Regulations for the Use of Reinforced Concrete’ were adopted. It, in 
general, followed the committee recommendations of the previous year. 

Use of concrete for roads and highways was still in its infancy with trials 
being made of its use as a base for other materials, even including precast 
concrete brick. Concrete as the wearing surface was still rather limited. 
Differences of opinion existed as to whether surfaces should be smooth or 
broomed, location and function of joints, and how to meet the differing re- 
quirements of horse-drawn and automotive traffic. 


Because of disastrous fires, particularly in the Collingwood, Ohio, school 
in which 165 children lost their lives and the San Francisco earthquake and 
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fire, there was a great deal of interest in 1910 in reinforced concrete struc- 
tures to resist both of these forces. John B. Leonard in “Use of Reinforced 
Concrete in San Francisco and Vicinity,’ said that owing to the building 
laws in San Francisco denying the construction of reinforced concrete build- 
ings in the city limits, there was no completed building of this type in San 
Francisco at the time of the earthquake and fire. There was one building 
just being constructed for which the owner had never received an official 
permit but being confident of the merits of reinforced concrete intended to 
abide by the issue in the courts. This building was not subjected to any 
intense fire but it was in a section of the city that suffered severely from the 
earthquake. An examination of the building a few days after the disaster 
showed that the brick curtain walls had suffered considerably but that the 
reinforced concrete portion of the structure was entirely sound. 

In 1911 the committee on reinforced concrete and building laws proposed 
a series of tests of existing structures to secure data on the actual carrying 
capacity or stresses in reinforced concrete structures designed according to 
current practice and to throw light on important questions relating to the 
design of structural members. Pointing out that such observations required 
specialized equipment and trained observers, the committee offered its assist- 
ance in arranging for the necessary apparatus and proper personnel to make 
the tests. 


Flat slab tests 

Closely related to the committee work, since it was the basis of its tests, 
was “A Test of a Flat Slab Floor in a Reinforced Concrete Building,’ by 
Arthur R. Lord. He described his technique for panel loading tests in the 
Deere and Webber Co. building in Minneapolis, Minn., intended to provide 
data on flat-slab design and performance. 

The following year the committee reported on four such tests; two in 
which the reinforced slabs were supported on beam-and-girder framing, one 
on flat slab construction, and the other on a combination tile and concrete 
floor reinforced in two directions. Buildings tested were the ten-story Wenal- 
den Building in Chicago; the eight-story Turner-Carter Building, Brooklyn; 
the three-story Powers Building, Minneapolis; and a test panel for the Barr 
Building, St. Louis. Discussion included the addition of a report by W. K. 
Hatt on similar tests of the ten-story Franks Building, Chicago. Instrumen- 
tation and test procedures for those conducted under the supervision of the 
committee were described in detail by W. A. Slater. 

Indicative of the problems of the industry were the remarks of John Har- 
rington who addressed the 1912 convention in Kansas City. He stated that 
failure to recognize the need of careful inspection of materials and super- 
vision of workmanship was perhaps responsible for the larger portion of 
failures of concrete structures. Too early removal of the forms, careless and 
unwise placing of reinforcement, inadequate provision for expansion and con- 
traction due to changes in temperature, weak and leaky forms, inadequate 
tamping, loose methods of depositing concrete both in air and under water, 
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and excessive dependence on designing with empirical methods and fallacious 
load tests were difficulties he felt should be guarded against and overcome. 

Reporting on pioneer work with concrete highways Edward N. Hines 
said: ‘‘With four years experience as a guide it has been demonstrated in 
Wayne County (Michigan) that a well-built concrete road is a practical form 
of construction which merits and will receive a more extensive adoption. 
Every test to which this work has been subjected only emphasizes its strong 
characteristics. The point considered, and which might properly be termed a 
specification, are initial costs, ultimate costs, which include maintenance, 
sanitation, and freedom from dust, good traction for all types of vehicles, 
smoothness, and ease of construction.” 

Technical committees in 1913 were studying aggregates, building block, 
education, fireproofing, insurance, measuring concrete, nomenclature, rein- 
forced concrete and building laws, roads, sidewalks and floors, specifications 
and methods of tests for concrete materials, and treatment of concrete sur- 
faces. 

An investigation of reinforced concrete columns of large size was under- 
taken by the committee on reinforced concrete and building laws in coopera- 
tion with the Bureau of Standards and the Engineering Experiment Station 
of the University of Illinois. Plain concrete and spirally and vertically rein- 
forced columns 12 ft long and 20 in. in diameter were studied. This was re- 
ported to be the largest series of columns of this size tested up to that time 
and results of great practical value in the formulation of building regulations 
were expected. 


ACI EMERGES 


On July 2, 1913, as a result of action of the Board of Direction of the Na- 
tional Association of Cement Users the name of the society was changed to 
the American Concrete Institute. The objectives of the organization were 
unchanged, the new name being considered more descriptive of the breadth 
of its aims and interests. 

The value of concrete for pavements was being increasingly recognized 
with its use being reported in 1914 in numerous parts of the country. Current 
problems were proper subbase, surfaces, and provisions for expansion and 
contraction. Reflecting this interest the committee on concrete roads and 
street pavements presented for adoption standard specifications for one- 
course highways, one-course street pavements, and two-course street pave- 
ments. Aggregate gradations, reinforcement, cross sections, grading, drain- 
age, forms, joints, concrete placement, finishing, and curing were provided for. 

The first day of the 1915 convention was devoted to the various aspects of 
concrete roads and bridges, construction practices, reinforcement, contractors 
organization, frost action, costs of construction and maintenance, construc- 
tion of curbs, and standard designs for bridges and culverts. Other interests 
centered in concrete and reinforced concrete tests and design, structures, 
concrete in art and architecture, and plant management and costs. In the 
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One of the pioneers in reinforced concrete construction in the United States was C. A. P. Turner. 
Left: Formwork and column skeletons as used in an early project. Right: Turner's system of 
fireproofing used in a garage erected in the early 1900's 


latter field, contractor’s equipment and mechanical plant for handling con- 
crete and the strength and construction of forms received the most attention. 

President Richard L. Humphrey thus summarized the progress of the 
organization in the first ten years of its life: 

“The past decade has probably been the most critical in the history of the cement industry 
and there is no member capable of fully realizing the vital importance of the part this Insti- 
tute has played in its development. Its educational work, its conventions, its expositions, 
and particularly its committee work in preparing recommended practice and standard specifi- 
cations have guided the use of cement along safe and practical lines and assured the perma- 
nency of the construction in which this material is used. 

“Although this organization has produced more than 18 standards and recommended prac- 
tices, its work has only just begun. The existing standards must be revised, new ones de- 
veloped, and there never was so much need for work of this character as at the present time.” 

Because the 1914 fire at the plant of Thomas A. Edison, Inc., West Orange, 
N. J., involved so many buildings constructed of reinforced concrete and other 
materials, the American Concrete Institute felt it its duty to appoint a special 
committee to investigate and report upon the facts in the interest of building 
science. The committee concluded, in 1915, that considering the extra- 
ordinary conditions surrounding the fire the behavior of the concrete buildings 
was highly satisfactory and constituted an excellent demonstration of the 
merits of concrete as a fire-resistant building material. It noted that it was 
not so surprising that the concrete buildings were damaged as that any ma- 
terial could have so satisfactorily withstood these unusual conditions. 

At one session of the 1916 convention a report of the committee on con- 
crete roads and pavements was supplemented by papers on concrete founda- 
tions for asphalt pavements and roads, foundations for permanent pavement, 
successful construction methods, and descriptions of current highway projects. 


The committee on reinforced concrete chimneys submitted a report in the 
form of a symposium covering foundations, types of chimneys, construction, 
design, concrete, construction related to concrete work, study of existing 
chimneys, and failures. Also presented was the 1916 “Final Report of the 


Joint Committee on Concrete and Reinforced Concrete,’’ compiled by repre- 
sentatives of ACI, American Society of Civil Engineers, American Society 
for Testing Materials, and the Portland Cement Assn. 





416 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1954 


Plastic flow 

Attention was called to plastic flow in 1917 by Earl B. Smith in the paper 
“The Flow of Concrete Under Sustained Loads:” 

“The one property of concrete recently brought to light which seems to be both necessary 
and sufficient to explain apparently abnormal stress and deformation phenomena is that of 
flow under sustained loads. Flow is not used here in the sense of fluidity but in the sense of 
molecular displacement or rearrangement under the influence of an external force. It is the 


gradual but persistent deformation which takes place in the material while in the condition 
of sustained stress. 


“Flow should not be confounded with shrinkage; both factors exist in all concrete and they 
are easily distinguished. Shrinkage exists as a natural consequence regardless of the size, 
position, or stress, and is influenced mostly by age and moisture. Flow, however, exists by 
virtue of sustained stress. It is a kind of stress effect.” 

Interest continued in 1917 in determining the characteristics of concrete 
structures with tests of concrete columns with cast-iron cores, extensometer 
readings of a reinforced concrete building and a flat concrete-tile dome, and 
the influence of total width on the effective width of slabs. Recent develop- 
ments in construction of pavements were the use of industrial railways to 
haul materials to overcome the rutting of subgrades by wagons or trucks 
(then equipped with hard narrow tires). Cognizance of the need for more 
accurate control of mixing water lead to a number of suggestions for over- 
coming the problem. Belts were beginning to be used for finishing of pave- 
ment concrete. The first finishing machines for pavements were appearing 
and brought with them problems of control of consistency, finishing at joints, 
and curing. Curing by ponding or flooding was becoming popular. 

Construction of buildings and related problems continued to preoccupy 
engineering interest in 1918. Flat slab buildings were tested and moment 
coefficients for such construction were analyzed. Contributions to concrete 
technology dealt with effect of mixing time, blast furnace slag as aggregate, 
and effect of age and condition of storage. Housing needs of this war period 
were reflected in architectural details and construction techniques for con- 
crete houses. 


Concrete ships 

To deal with the problems arising from the development of concrete ships 
during World War I, a joint committee of ACI and PCA was formed. Its 
work resulted in reports of design and construction of reinforced concrete 
ships and barges, layout of shipyards, and construction techniques. In 1919 
a special medal was awarded to Lesley Comyn of San Francisco in recognition 
of his work in building and promoting the first ocean-going American con- 
crete ship, the “Faith.” In presenting the medal, President W. K. Hatt 
remarked, “‘What others only dreamed he dared to do.” 

Basic information on the physical properties of concrete and methods of 
its production and handling continued to be developed. Work was reported 
on the effect of vibration, jigging, and pressure on fresh concrete; fire tests 
of concrete columns; and plasticity and temperature deformations in con- 
crete structures. The committee on nomenclature reported definitions on 
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aggregate, cement, concrete, construction, engineering design and theory, 
’ finish, formwork, reinforcement, tools and plant, and a list of suggested ab- 
breviations. The progress report of the committee on reinforced concrete and 
building laws indicated continuing efforts to reconcile several sections of the 
proposed standard building regulations with similar parts of the current Joint 
Committee Report. Principal differences of opinion within the committee 
had to do with stirrups and the design of hooped and rodded columns. Changes 
in the recommended practice for concrete roads and street construction pro- 
vided for a slump not to exceed 5 in. for hand finishing and 2 in. for machine 
finishing. Rolling the struck concrete with a metal roller weighing 100 Ib 
and final finishing with a canvas or rubber belt were specified. Ponding with 
2 in. of water for ten days was the recommended method of curing. On slopes 
wet earth covering was permitted. 

What later proved to be significant action, as far as ACI’s future was con- 
cerned, took place at a meeting of the Board of Direction on Nov. 5, 1919, 
at which Harvey Whipple was appointed Secretary with headquarters in 
Detroit, Mich. At that time Mr. Whipple was editor of the magazine Con- 
crete-Cement Age, and accepted the position of secretary in addition to his 
duties on the magazine. 


THE TWENTIES 


Fire tests of columns, form pressures, application of the water-cement 
ratio to concrete proportioning, and wear tests of concrete in flexure con- 
tinued the production of information relating to the properties of concrete 
in 1920. J. C. Pearson and J. J. Earley reported new developments in sur- 
face-treated concrete and stucco. Earley made precast members from specially 
graded aggregates in such a manner that a large percentage of the area of the 
treated surface (first wire brushed and then washed) was aggregate. Con- 
crete of this type was used in‘a number of structures in Washington, D. C. 

A. W. Stephens analyzed the economic possibilities of lightweight aggre- 
gate, a burned clay or shale developed for the ship-building program, in 
building construction. Stephens set up cost comparisons for beam-and-girder 
construction, columns, and flat slabs and established limits at which light- 
weight aggregate would be economically feasible for various costs per cubic 
yard. 

Standardization 

A special committee on units of design, recognizing the standardization 
of sizes and shapes already taking place in the steel industry, recommended 
that designers of concrete structures take greater pains to use a minimum 
number of types of footings, maintain the same cross section of columns 
through several stories, use beam and girder depths which would give mini- 
mum cost for reinforcing steel and concrete, provide for use of same forms for 
floors and roof, uniformity of story height within a structure, and reduce the 
number of lengths and sizes of steel reinforcement. In connection with this 
last point the committee on standardizing the specifications for steel bars for 
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concrete reinforcement recommended the adoption of 11 standard bars rang- 
ing from 3%-in. round to 14-in. square. 

After several years work, and considerable discussion at conventions, the 
“Standard Building Regulations of the Use of Reinforced Concrete’ was 
adopted as a tentative standard of the Institute. An annotated recommended 
practice for portland cement stucco covered preparation of surfaces (tile, 
brick, concrete, concrete block, and frame walls), application of wood and 
metal lath, preparation of mortar, number and types of stucco coats, and 
various types of finishes. 

In a 1921 report of the special committee on contractors plant, studies 
were reported of individual operations of unloading, transporting, and re- 
ceiving as well as the combination function of mixing, hoisting, and placing 
showing the advisability of separating from the others the unloading and 
transporting operations. Plant layouts were grouped into seven fundamental 
arrangements which developed from an elemental form by the addition of 
equipment intended to conserve labor, thus making possible a comparison 
between the additional money expended for plants and the saving in labor 
costs as a result of its use. 

“Moments and Stresses in Slabs,’”’ by H. M. Westergaard and W. A. Slater, 
correlated the results of tests for a fairly large number of slab structures with 
the results of analysis so that the report would be an aid in the formulation 
of building regulations for slabs. The three parts of the report consisted of 
(a) analysis of moments and stresses in slabs, (b) study of the relation be- 
tween the observed and computed steel stresses and reinforced concrete 
beams made for the purpose of assisting in the interpretation of slab tests, 
and (c) a study of the test results for flat slabs with a view to comparing the 
moments of the observed steel stresses with the bending moments indicated 
by the analysis and of estimating the factor of safety. 

On the recommendations of a special committee on organization, the 
Board of Direction in 1922 revamped the technical committee set-up into 
five general committees dealing with matters affecting all other committees, 
two joint committees on reinforced concrete and concrete pipe, seven engi- 
neering design and inspection committees, six committees on special struc- 
tures (chimneys, bridges and culverts, sewers and conduits, tanks, houses, 
and roads and pavements), six committees on contracting (plant, floor finish, 
treatment of concrete surfaces, metal forms, central mixing, and field methods), 
and seven committees on concrete products manufacture with provision for 
the organization of additional committees in this field. 

Specifications 

One day of the annual meeting was devoted to a discussion of the tentative 
specifications for concrete and reinforced concrete submitted as a progress 
report of the Joint Committee on Standard Specifications for Concrete and 
Reinforced Concrete on which ACI was represented. Local committees of 
contractors from Boston, New York, Philadelphia, and Cincinnati submitted 
comments. Principal objections to the report were that it was too inelastic 
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and ought to be a performance type document rather than a rigid specifica- 
tion telling in detail how work should be done, that it increased costs unduly 
(mainly because of new methods of specifying and mixing concrete), and 
judging of concrete quality on the results of 28-day cylinder tests. Further 
discussion was by the chairmen of ACI committees on field methods, fire- 
proofing, design, and a general floor discussion of miscellaneous provisions 
of the proposed specification. 

Concern for field control of concrete was still high in 1923 with work re- 
ported on quality control, analysis of variables in concrete from the construc- 
tion standpoint, field tests and methods used in building construction to 
obtain concrete of specified strength, and correction data for comparative 
test results from field specimens. 


Prestressed tanks 


W. S. Hewett’s paper, ‘‘A New Method of Constructing Reinforced Con- 
crete Water Tanks,” reported use of the concept of prestressing in forming 


watertight reinforced concrete tanks. He reasoned that concrete in com- 
pression was dependable. However, to put concrete in even low tension was 
risky, particularly in structures subject to water pressure where even minute 
cracks were likely to cause serious trouble. By use of steel rods and turn- 
buckles he placed the concrete in compression to overcome this difficulty. 
This early use of prestressed concrete differed from present day practice in 


that low-strength concrete and steel were, of necessity, used. 
In connection with the 20th anniversary in 1924, Richard L. Humphrey 
in “The Progress of Two Decades’ said: 


“When this Institute was organized the first Joint Committee on concrete and reinforced 
concrete had just been organized (summer of 1904) and was beginning the important work of 
preparing its recommendations for these materials which were to serve as a basis for the specifi- 
‘ations that had been prepared by the second Joint Committee—The Joint Committee on 
Standard Specifications for Concrete and Reinforced Concrete. 

“Many will recall the building code fight, especially in New York where producers of com- 
petitive materials sensing the growth of a dangerous rival endeavored to have requirements 
written into building codes to handicap this material and practically prevent its rise. The 
restrictions were so great that concrete building construction was not possible in Manhattan 
and but few structures were erected in the territory outside of greater New York. The pioneer 
work done by Henry C. Turner, Leonard C. Wason, A. L. Johnson, Roos, Ed Tucker, and 
others in courageously and persistently working to secure contracts for reinforced concrete 
buildings and of securing better code provisions has borne fruit beyond belief.” 

Columns 


In the introduction to “A Study of Bending Moments in Columns,” F. E. 
Richart said: 

“Information on the behavior of reinforced concrete buildings necessary to the proper 
design of such structures has been accumulated largely in the last 12 or 15 years. The rein- 
forced concrete building is a highly indeterminate structure at best subject only to approximate 
analysis, but due to the numerous laboratory tests and to investigations of full-size structures 
there is probably more information now available on the action of the reinforced concrete 
structure as a whole and of its elementary parts than there is on other types of construction. 
Data on the amount and distribution of the bending stresses induced in building columns 
and on the resistance of columns to combined bending and direct stress are rather meager. 
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Due to this lack of information or to other causes, bending stresses are usually neglected in 
the design of concrete columns and such stresses are seen to be provided for together with 
numerous other effects in the over-all inclusive factor of safety. That buildings are built 
under these conditions and that they stand up under loads without serious damage does not 
prove that better methods of design should not be used when available.” 

He then showed the amount and distribution of moments in building 
columns under certain conditions as indicated by analysis and by the results 
of experiments. Data were also presented on the resistance of columns sub- 
jected to both bending and axial stresses. 

Practical problems were again of predominant interest in 1925. Produc- 
tion of better concrete in the field and in products plants was studied. Pro- 
portioning and mixing of concrete for buildings, bridges, and highways came 
in for attention as well as forms and shores. Central mixing plants were 
coming into use. Questions on reinforced concrete building construction 
were on supports for reinforcement, construction, and patching of concrete 
floors, accident prevention, hoist towers, apprentice training, bulk cement, 
and column heads. 


Durability 

Concern for the durability of concrete structures resulted in a study by the 
committee on destructive agents and protective treatments of several groups 
of structures 9 to 20 years old. They were examined in detail and data col- 
lected on their construction. The committee concluded that the defects 
observed were largely due to faulty manipulation of the materials and that 
permanent structures could be achieved by the production of concrete im- 
pervious to moisture. Clean aggregates of durable minerals, a fairly rich 
mix, a puddling consistency, and care in placing and finishing were given as 
the requisites for durable concrete. 

Other committee reports had to do with a recommended practice for the 
design and construction of concrete dwelling houses, treatment of concrete 
surfaces (including a tentative standard recommended practice for treat- 
ment of exterior surfaces of reinforced concrete industrial buildings), measur- 
ing and estimating concrete, and concrete building units. 

The unceasing search for basic information on concrete resulted in reports, 
in 1926, on transverse testing of concrete, tests of a 300-ft reinforced concrete 
chimney, extensibility of concrete, comparison of significance of tests, effect 
of varied curing conditions on compressive strength, and relation of 7-day 
and 28-day strengths of mortar and concrete. 


Field control of concrete 

R. B. Young told of “Seven Years of Experience with Job Control of the 
Quality of Concrete’ from which he concluded that: (1) field control of 
concrete on the job was practicable and profitable; (2) control of concrete on 
the job was applicable to work of all kinds and sizes; (3) the control of the 
quality of concrete was not a matter of designing mixtures nor following 
some particular theory but involved every step in the production of con- 
crete from the selection of the materials to the curing of the product; (4) 
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while the water-cement ratio strength relationship is subject to variations 
with average well-graded materials, no other means than this was necessary 
in designing concrete mixtures for a given compressive strength, but economy 
demanded cognizance of the grading of the aggregate; (5) the concrete most 
economical in cement was not necessarily that having as much coarse aggregate 
as it was possible to use and still have workable mixtures, but was usually 
one in which the sand is slightly in excess of this with the best combination 
of aggregates depending on the grading of both the fine and coarse aggregate; 
(6) of the several processes in the manufacture of concrete, the measurement 
of aggregates and the placing of the mixtures were most important from the 
standpoint of quality, (7) intelligent supervision of the materials and processes 
of concrete was essential to successful control of its quality; and (8) the 
results of field tests of concrete should be interpreted with caution and in 
light of the conditions under which the specimens were made, cured, and 
tested. 

Culminating several years in which papers and reports had advocated 
the desirability of field control of quality of concrete, the committee on field 
methods reported in 1927 on the economic advantages of field control, not 
only for the large or monumental project but for the everyday job. Examples 
were cited whereby scientifically proportioning of concrete mixtures reduced 
the cost and increased the quality of the placed concrete. The committee 
felt that field control should include supervision of the quality of materials, 
design of the mixture, measurement and mixing, placing and curing, and the 
necessary field tests. 

Continued awareness of the necessity for better field concrete gave rise 
in 1928 to a group of papers on workability of concrete—attempts to measure 
it and discussion of the factors affecting it. One significant statement was 
that rather than varying workability to suit the chuting system of placement 
(then popular) the placement method must be modified to allow putting into 
the forms the proper concrete for durability and strength. Related papers 
dealt with predicting concrete strengths and testing concrete in the field. 

After an active and important year’s activity there was presented a pro- 
posed “Standard Building Regulations for Reinforced Concrete” which was _ 
the result of the combined efforts of the ACI committee and the committee 
on Engineering Practice of the Concrete Reinforcing Steel Institute. The 
result was the reconciliation of the differences in the two previously separate 
codes and their combination into a single code of practice. 

F. R. MecMillan’s Concrete Primer, which later was distributed in 87,000 
copies in the English language as well as being translated into seven foreign 
languages, developed in simple terms the principles governing concrete mix- 
tures and showed how a knowledge of these principles and of the properties 
of cement could be applied to the production of permanent structures in con- 
crete. Originally intended for the beginner in concrete construction, the 
scope of the Primer was widened so that it would be of use also to those in 
managerial positions. 
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EXPANDING SERVICE 


By 1929 it was evident that the annual Institute conventions and annual 
volume of Proceedings were not adequate to present the vast amount of re- 
search data and field information becoming available. Thus, to increase 
its output of technical information, ACI began publication of the modern 
JOURNAL OF THE AMERICAN CONCRETE INstTITUTE—which has continued, 
with minor modifications, to this day. 

It was a notable year in more ways than one. A study of reinforced 
concrete columns, sponsored by ACI, was the most comprehensive undertaken 
to that time and was expected to extend their application. Efforts to stand- 
ardize the building codes of the nation had disclosed a wide variation in the 
method of designing reinforced concrete columns. These differences were 
not just ones of formulas, but also of resulting permissible loads. It was 
felt that the study would result in a rational method of design which would 
permit the most economical use of concrete and steel to meet any load re- 
quirements for a given cost basis. The tests were undertaken in the engi- 
neering laboratories of the University of Illinois Engineering Experiment 
Station and the Fritz Engineering Laboratory at Lehigh University. 

The first of a new series of specifications, “Construction Specifications for 
Concrete Work on Ordinary Buildings,’”’ was published in 1929. The “how- 
to-do-it” specifications continued to occupy the major attention of ACI 
technical committees. A report on permissible openings in construction was 
aimed at reducing abuses during building operations. That on portland 
cement stucco finishes summarized available information on the best prac- 
tices governing a type of construction then prevalent. Reports were re- 
leased on winter concreting methods and specifications for supplying, fabri- 
cating, and setting reinforcing steel on ordinary buildings. To the latter was 
appended an interesting and informative guide for workmen, “Steel Setters’ 
Primer.”’ 

Within the preceding three years, the making and marketing of central 
plant concrete appears to have fully established its soundness from an economic 
standpoint. At the same time it was getting on a sounder footing from an 
engineering angle. Although not entirely new either in practice or principle, 
the rapid increase in the number of plants and growing use of ready-mixed 
concrete led to propcsed specifications for ready-mixed concrete and a sym- 
posium on the design and operation of central mixing plants. 

There were also changes in methods of floor construction as recommended 
in “Good Practices in Concrete Floor Finish.” The old 1:2 specification for 
floor surfaces was replaced by the new one calling for a somewhat harsher 
mix. The committee presented recommended practice for both heavy-duty 
and light-duty floor finishes. The heavy-duty floors were compacted with 
rollers or vibrators and finished by grinding in some cases. 

The design phase of concrete engineering was expanding. There were 
committees on rigid frame design, design of two-way slabs on beams, de- 
sign of spiral columns, structural loads and reductions in design, permissible 








A STORY OF PROGRESS 423 


openings in construction, deflections of reinforced concrete members, and 
fire resistance standards. Architectural design was covered by committees 
on portland cement stucco finishes, concrete as a sculptural medium, mono- 
lithic concrete surfaces, composite concrete structures, and economics of tall 
building design. 

The changing picture of design methods was perhaps best exemplified by 
the report of the committee on simplified rigid frame design. Hardy Cross, 
author-chairman, proposed the method of moment distribution, now widely 
accepted by the engineering profession. 

Concrete products 

What changes had taken place in the concrete products field? Since 1925 
production of block had more than doubled, with an increasing use of block 
for above grade construction. A new recommended practice for the manu- 
facture of concrete block and building tile was issued. New items were use 
of burned shale and cinder aggregates, utilization of high frequency vibration 
to consolidate drier concrete mixes, and increased mixing time. Accom- 
panying a revival of interest in a subject actively discussed 15 to 20 years 
before, the committee and various researchers were again studying high- 
pressure steam curing. At the same time a report on design of concrete 
products plants for single- or multiple-shift operation concluded that the 
single-shift plant was to be preferred. 

Increasing use of concrete also increased the need for information on its 
durability. An extensive report by the committee on disintegration of con- 
crete summarized the then available knowledge of the nature of “‘corrosion’”’ 
as found in concrete. The report covered the most common forms of de- 
terioration: acid action, weathering, action of sea water, and action of alkali. 

Disintegration of concrete in alkali soils and waters had been receiving 
attention for about 25 years following development of irrigation in the west- 
ern states. Field tests confirmed earlier laboratory results that disintegra- 
tion was a chemical action and that high quality portland cement concrete 
could be disintegrated when exposed to sulfate waters. It is interesting to 
note that the study began in 1921 by Dalton G. Miller at the University of 
Minnesota is still under way today, the most recent report appearing last 
year in the ACI JourNAL. 

Volume changes 

Volume changes in concrete were also receiving major attention. In the 
introduction to the paper “Volumetric Changes in Portland Cement Mortars 
and Concretes,’’ Raymond E. Davis and G. E. Troxell said: “Of late we are 
beginning to appreciate that the permanency of a concrete structure is de- 
pendent upon more than mere strength and rigidity and that certain other 
properties concerning which we have little quantitative data are frequently 
of even greater importance in problems of design. Of these properties perhaps 
the one for which the need for adequate information is greatest, yet least 
is known, is that of portland cement mortars in concrete in changing their 
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volume, not only during the early period of the hardening process but there- 
after as variations in moisture conditions occur.”” An extensive committee 
report summarizing the results of investigations having to do with volumetric 
changes in cement, mortars, and concrete due to causes other than stress, was 
concerned mainly with those changes influenced by moisture conditions and 
by variations in the temperature of the material. 

Cement itself began to be given more notice. Seldom were any of the 
characteristics of the cement presented in earlier test reports, other than 
it was a standard portland cement and met «current standards. The report on 
variations in standard portland cements was intended to dispel the erroneous ° 
idea that there was such a thing as a “standard” portland cement. 

New construction techniques were emerging. Exceedingly dry concrete 
was now being placed on large jobs economically by use of vibration, but 
there were many questions as to procedures and effect on the final product. 
A parallel investigation was needed in the field of concrete products. There 
were questions to be answered on the welding of stirrups, and a need was ex- 
pressed by industry circles for purchase specifications for metal supports for 
reinforcement. Winter concreting and concreting under water continued as 
pertinent problems. 

By May, 1930, industry requests for information had resulted in the for- 
mation of several new committees on effect of vibration on properties of 
concrete, cinders as an aggregate, design for hurricane exposure, use of light- 
weight concrete, and painting on concrete surfaces. A new Joint Committee 
on Concrete and Reinforced Concrete had also been organized. Committee 
action resulted in specifications for the small job as well as large for use where 
full-time inspection was not maintained. 

Mass concrete studies were assuming particular importance with the im- 
pending contracts for the construction of Hoover Dam. Along with numerous 
reports by government agencies and private investigators, Committee 108, 
in “Properties of Mass Concrete,” summarized the then existing data and 
suggested a program of investigation, much of which was to be fulfilled in 
the next few years. 

A growing demand for information on colored concrete resulted in a pro- 
posed recommended practice for the use of pigment admixtures in troweled 
concrete surfaces. Other Institute committees were studying economics of 
lightweight concrete in buildings, deflection of reinforced concrete members 
(a study of beam-and-slab type of construction), and design for hurricane 
exposure. Committee 105, Reinforced Concrete Column Investigation, 
published its first and second progress reports from both University of Illinois 
and Lehigh University. Knowledge of plastic flow in concrete was sum- 
marized in a report and the task of surveying the condition of existing struc- 
tures was undertaken by the committee on durability. 


Studies of problems in concrete products manufacture resulted in a com- 


parison of continuous with batch mixers and a proposed recommended prac- 
tice for the manufacture of concrete building block and tile to replace the 
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Completion in 1931 of the 
ones Westinghouse Bridge, 
East Pittsburgh, Pa., marked the 
start of perhaps the greatest 
decade of concrete bridge con- 
struction in ‘the nation's history. 
A two-ribbed, open spandrel 
type bridge, the five arches in- 
crease in span length to the great 
425-ff center span—the longest 


reinforced concrete arch span in 
the United States 


Courtesy Portland Cement Assn. 


1929 specification. Intended particularly for plants with an average daily 
production of 500 units or more, the recommended practice covered manu- 
facturing, plant layout, and use of lightweight aggregates along with the 
usual aggregates. 

In the ready-mixed concrete business, steel bins had come into general use. 
The weighing method of controlling material proportions had supplanted the 
older methods of volumetric measurement, and the use of bulk cement was 
developing rapidly. It was an opportune time for Committee 603’s outline 
of progress, ‘‘Design and Operation of Central Mixing Plants.” 

By 1930-31, changing interests and emphasis were reflected in the forma- 
tion of new ACI committees on properties of job-cured concrete at early 
ages, mass concrete, plastic flow, admixtures, effect on concrete of repeated 
and reversed loads, resistance to impact, bond strength, and relations of ce- 
ment content, strength, water-cement ratio, and durability. Materials receiving 
attention were burned clay or shale aggregates and welded wire fabric as a 
reinforcing material. New design committees began to function on minimum 
permissible thickness of slabs and walls, effect of foundation settlement, 
moment of inertia of reinforced concrete members, and plain and reinforced 
concrete arches. Still others were preparing reports on concrete founda- 
tions for steel buildings, settlement of concrete in forms, use of bulk cement, 
sliding formwork, and design of concrete mixtures. 


THE QUARTER-CENTURY MARK 


In the first 25 years the American Concrete Institute, including its prede- 
cessor; the National Association of Cement Users, had been identified directly 
or indirectly with most of the research work that had been carried on in the 
field of concrete. The usefulness of committee contributions was possibly 
no more evident than in the acceptance of the various ACI building codes. 
By the end of 1931 many municipalities and organizations had adopted either 
- in full or in part one of the Institute building codes (editions of 1925, 1927, 
or 1928), or permitted designs based on them. 

Institute committees were not resting on their laurels. Proposed specifi- 
cations for concrete pavement applied to average conditions in municipalities. 
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Committee 105 made its third and fourth progress report on the reinforced 
concrete column investigation; test results were pointing to a new type of 
design formula for concrete columns. Use of vibration for consolidating con- 
crete was now being recommended over hand tamping for some jobs; it also 
permitted use of concrete with a lower water-cement ratio. 

Perhaps one of the more important reports of 1932 was that on plain and 
reinforced concrete arches. Considering only fundamental principles, it was 
the result of an attempt to establish a rational method of determining stresses 
in concrete arches due to live and permanent loads as affected by plastic 
flow, shrinkage, and temperature variations. Some of the conclusions were 
new, some were contrary to accepted ideas. 

In 1933 the extensive reinforced concrete column investigation began to 
come to a close- with the tentative final report and the minority reeommenda- 
tions. The column tests had furnished not only a fund of new information, 
but also verified general relations previously established on a more restricted 
range of materials. In addition to reviewing the principal findings, by way of 
interpretation, the committee presented recommended design formulas for 
spirally reinforced columns, tied columns, and splices in vertical bars. Al- 
though there was not complete agreement on the formulas, these test results and 
recommendations were to have considerable influence on later building codes. 

A by-product of Hoover Dam was the engineering knowledge made avail- 
able for individually smaller but, in time, collectively greater undertakings. 
While numerous mass concrete structures had been built in spite of incom- 
plete knowledge of all factors involved, an undertaking of this magnitude, 
involving more concrete than the U. 8. Bureau of Reclamation had placed 
in all other structures since 1902, warranted an investigation to secure fun- 
damental data required for solution of mass concrete problems. The prob- 
lems involved weré manifold, many without precedent. ACI members in- 
dividually and collectively were connected with many of the investigations, 
and Institute publications were one means of disseminating the results to the 
engineering public. 

In the architectural field, the unusual and daring use of concrete in the Baha’i 
Temple, prompted the ACI JourNAL to carry a series of papers on the work, 
and a recommended practice on architectural monolithic concrete construc- 
tion became available. The 30’s brought a revival of interest in the economic 
possibilities of concrete houses. In addition to the economy factor, tech- 
nological advances influencing this new interest were the rapid development 
of lightweight aggregates, new information on coloring treatments, and 
commercial production of precast concrete floor joists. 

Several important committee reports in 1934 were proper methods of 
design and construction of concrete structures to prevent damage from volu- 
metric changes of the concrete, design of two-way slabs on beams, and pro- 
posed standard specification for the design and construction of reinforced 
concrete chimneys. A series of tests on reinforced concrete T-beams were also 
being conducted for the building code committee’s use. 
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Design and construction of Hoover Dam in Black Canyon of Colorado River, 1931-1936, ne- 

cessitated the solution of problems of greater variety and magnitude than any other similar proj- 

ect built to that date. Hoover Dam is the highest (structural height 726.4 ft) completed dam in 

the world. (Grand Dixence Dam, under construction in Switzerland, will be more than 900 ft 

high.) With a base width of 660 ft, crest width 45 ft, and crest length of 1244 ft, the dam re- 

quired 3,251,137 cu yd of concrete. It was the first Bureau of Reclamation dam with embedded 
pipe for cooling concrete 


The building code committee proposed revisions of the 1928 code with re- 
spect to load tests, allowable unit stresses, protection for reinforcement, wind 
loads, flexural computations and moment coefficients, slabs supported on four 
sides, shear and diagonal tension, and in bond and anchorage. A proposed 
spiral column design was based upon the results of Committee 105’s investi- 
gation, and important changes were proposed in connection with the design 
of bearing walls. 

Cements 

By the end of 1934 technologists were getting a more comprehensive idea 
of the complicated constituents of cement and their relation to concrete. In 
turn, greater attention was being given to choosing cements for their special 
fitness for special conditions. Production and use of cements had advanced 
to the stage where engineers were recognizing not only “standard” portland 
cement, but also a number of “special’’ cements such as high early strength, 
low heat, and sulfate resistant types. 

Design of concrete bridges had been somewhat shackled by the persisting 
influence of stone and steel construction. The stone or masonry influence 
was felt in the production of arch designs, while the steel influence mani- 
fested itself in elaborate precautions to keep concrete beam-and-girder bridges 
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within statically determinate limitations. Continuity had been more or 
less neglected with one exception—the flat slab. Maney’s slope deflection 
method (1918) and Cross’ moment distribution method (1929) did much to 
encourage statically indeterminate design in this country. Rigid frame 
bridges were bringing new economies in span lengths between 40-120 ft and 
popularity of this type of bridge had increased to the point that in 1934 
some 150 had been built or started—as many as had been built in the previous 
10 years. 

The year 1936 marked an important milestone in ACI specification activity. 
Up to then Institute specifications had covered materials, concrete products, 
design, manufacturing, and construction practices. By arrangement with 
the American Society for Testing Materials, ACI dropped its specifications 
for “over-the-counter” engineering materials. In turn, ASTM discontinued 
standardization efforts in design and construction practice. Anticipating 
this arrangement, the Institute had already given up activities in writing 
standards for concrete aggregates and had long since relinquished the writing 
of specifications for portland cement. 

Important 1936 reports were those on the economics of ready-mixed versus 
job-mixed concrete, and on recommendations for placing concrete by vibra- 
tion. Chiefly of economic interest to the concrete products field was the 
report on high early strength cements in concrete masonry manufacture. 
Two outstanding committees—Committee 102, Volume Changes in Con- 
crete, under the direction of Raymond E. Davis, and Committee 105, Rein- 
forced Concrete Column Investigation, with W. A. Slater, F. E. Richart, and 
Inge Lyse in charge—had already made available a wealth of data and given 
a new insight into the behavior of concrete and reinforced concrete under 
sustained stress. Many investigators had worked upon the determination of 
the magnitude of volume changes due to elastic deformation, plastic flow, 
temperature changes, and shrinkage. The literature was voluminous, but 
little so far had been published on the utilization of these data in design. 
Committee 313’s report on the effect of plastic flow and volume changes on 
design was the result. 

The 33rd annual convention also marked the first annual open session of 
Committee 115, Research, a feature continued to this day at ACI’s annual 
conventions. The session was a direct outgrowth of the annual survey of 
current research in concrete inaugurated about 1937 under the active spon- 
sorship of Inge Lyse, formerly the committee’s secretary. 


Architectural considerations were receiving so much attention that a new 
committee combining science, craftsmanship, and architecture was organized 
to develop specifications and recommended practices for architectural con- 
crete of the exposed aggregate type. This method had already been used 
successfully in the Baha’i Temple, Edison Memorial Tower, and other struc- 
tures by John J. Earley, in the preceding 20 years. Another committee was 
authorized to study specifications and recommended practices for the con- 
struction of terrazzo floors. 
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There had probably been greater advances in the past decade in the de- 
sign of mass concrete structures, in construction practices, and in knowledge 
of the effect of various elements upon the properties of mass concrete than in 
all previous history. Raymond E. Davis and F. R. McMillan, chairman and 
vice-chairman, Committee 108, together with the committee then supple- 
mented these data by extensive field surveys of more than 60 dams and other 
structures ‘in service. 


The Institute’s building code tentatively adopted in 1936 was already. the 
basis of an increasing body of municipal ordinances, in some cases adopted 
in large part by reference. The building code committee proposed further 
revision of the tentative 1936 code to bring it up to date. The subcommittee 
on flat slabs had made an extensive analytical study of the applications of 
the principles of continuity to the design of flat slab structures, and revised 
this section of the code accordingly. Design problems were not static, how- 
ever, and the literature included reports on rectangular sections under torsion, 
bond studies, shearing deformation in continuous beams and rigid frames, 
circular flat slabs with a central column for underground tanks and reser- 
voirs, eccentrically loaded columns, rigid frame bridges, and shell design. A 
new committee was formed to draw up specifications and recommended 
practice for concrete pavements and bases. Another committee took on the 
task of developing a recommended practice for concrete stave manufacture 
and stave silo construction. 


By 1939 the question of adopting increased allowable unit stresses for high 
yield point strength steel reinforcement was of current interest. Prestressing 
was also beginning to attract attention. Several methods had already been 
devised and used to a limited extent in both the United States and Europe, 
and various laboratories were studying prestressed concrete construction and 
prestressed precast units. Paralleling the work of the committee on silo 
construction were reports on the effect of the weight of tampers and number 
of tamps on the flexural strength of concrete silo staves, and on permeability, 
acid, and absorption tests of mortars used in dry tamped silo staves. The in- 
creasing. use of concrete masonry units and the comparatively recent introduc- 
tion of new aggregates and vibratory methods of molding had also presented 
new problems to be investigated. New form materials and methods of erec- 
tion were receiving particular attention in the architectural concrete field. 


One of the Institute’s “best sellers’? had been The Handbook of Reinforced 
Concrete Building Design. Its contents appeared first in the 1928 Proceedings 
as the Institute’s then new building code, coupled with a paper by Arthur R. 
Lord. In the intervening years there arose need for a new handbook, especially 
since the code had undergone numerous changes. The need resulted in organ- 
ization of Committee 317, A. J. Boase, author-chairman. Late in 1939, the 
committee produced a new handbook, Reinforced Concrete Design Handbook, 
which was published cooperatively (as was the previous one) by ACI, PCA, 
Concrete Reinforcing Steel Institute, and Rail Steel Bar Assn. This book, 
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still in use today, is again under study by a newly organized committee, with 
a view to bringing it up to date. 


Proposed revisions to building code 

By 1940 numerous advances in both design and construction had taken 
place since adoption of the tentative ACI Building Code in 1936, and the 
code committee proposed further revisions. Along with changes in allow- 
able unit stresses, the section on floors with supports on four sides had been 
revised and simplified. The chapter on flat slabs was completely revised to 
take advantage of the principles of continuity which were coming into general 
acceptance. There had been major revisions in the chapter on columns and 
walls. The section on footings had also been revised after an extensive study 
of means to improve practice in the design of isolated square or rectangular 
footings. 

The committee on precast floor systems for houses had critically examined 
precast joists and superimposed concrete floor systems. Although at least 
one joist had been patented in 1902, and various systems in use for some time, 
precast joists had only recently become a significant factor in a commercial 
sense. The committee’s extensive report covered general engineering con- 
siderations and requirements, manufacturing, and suggested a recommended 
practice for the design and construction of precast joist floors. This latter 
was the forerunner of today’s ACI standard by the same committee. 


In response to a need for an outline of good practices for measuring and 
mixing the ingredients for concrete and for placing the finished product, 
Committee 614 issued its proposed recommended practice on the subject. This 
report was the forerunner to another of today’s recommended practices 
issued through the Institute. 


Final Joint Committee report 


The final report of the third Joint Committee, organized in 1930, was re- 
leased in June, 1940. Of the advances made since the 1924 report, relating to 
concrete as a material, probably the most significant had been the increase 
in the strength of cement, a more widespread understanding of the basic 
principles of mixtures with increasing attention to field control, the increased 
use of ready-mixed concrete, and vibration. In the field of design, the major 
development undoubtedly had been the increased interest in rigid frame 
analysis which recognized the essentially monolithic character of reinforced 
concrete and provided a more accurate method of stress computation, and 
hence a more uniform factor of safety. 


Some of the more important departures from the 1924 report were recom- 
mendations for the use of high early strength cement, recognizing that special 
cements might be desirable for special uses. In proportioning, emphasis was 
placed on durability of concrete. Design sections gave consideration to the 
principles of continuity and elastic frame analysis. The new column pro- 
visions took into account the results of the latest research, particularly the 
ACI column investigation. 
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It was 1940 before additional research, related particularly to the effect of 
plastic flow and shrinkage and to improvements in the method of giving 
effect to the thrusts and moments in proportioning the arch sections, was 
completed. The report of ACI Committee 312 summarized much of this 
‘“work and presented a suggested specification for reinforced concrete arch 
design. The recommendations represented a rather marked change from 
then current practice. A new method was presented for the design of the 
arch rib based on ultimate strength formulas and a new approach to the 
question of factor of safety for members subjected to direct load and flexure. 


Intensive work was done by the building code committee following dis- 
cussion of the proposed revisions at the 1940 convention, and 1941 marked 
the submission and subsequent adoption of a new code. Another outstanding 
contribution was Committee 611’s Manual of Concrete Inspection, J. W. Kelly, 
author-chairman. More than five years in preparation, the manual, written 
with direct usefulness as the keynote, not only told the concrete inspector 
what he should do, but also the underlying reasons why it should be done that 
way. 


Changes in the national economy and resurgence of heavy construction 
was typified by papers published in 1940-41 on the Lake Washington floating 
bridge, flat plate rigid frame design for low cost housing projects, concrete 
control on the Pennsylvania Turnpike, low cost housing and subways in 


Chicago, and the construction of the terminal building at the Washington 
National Airport. Continued interest in the effects of fire on concrete struc- 
tures was shown in a paper “Fire Damage to General Mills Building and 
Its Repair,’ by J. Fruchtbaum, who described the tests of the damaged 
structure and the detailed program of repairs made. 


The period is also remembered for the attention directed to Parker Dam 
and alkali-aggregate reaction. This was the first of a collection of contribu- 
tions on this subject by T. E. Stanton, H. S. Meissner, R. W. Carlson, Bailey 
Tremper, and others—opening up an important new approach to the diagnosis 
of some concrete “ills.” A long-time study of cement performance in con- 
crete was begun by the Portland Cement Assn., in both the laboratory and 
field, reports of which have appeared in the ACI JourNnat through the sub- 
sequent years. 

A new proposed recommended practice for measuring, mixing, and placing 
concrete was submitted in 1941; this was adopted and published as an ACI 
standard in 1942 and is currently in effect. A recommended practice for the 
use of metal supports for reinforcement was also proposed, which was sub- 
sequently adopted in 1942 and is still current. A proposed recommended 
practice for the design of concrete mixes was submitted in early 1942. The 
committee, recognizing that it was almost impossible to develop a procedure 
that would fit all jobs and any combination of conditions, gave a basic con- 
cept of mix design, based on the water-cement ratio. A new specification for 
cast stone was proposed to supersede the 1929 tentative specification. 
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World War Il regulations 

World War II brought with it the need for maximum utilization of critical 
materials and increased efficiency in the use of labor. The seriousness of the 
problem was reflected in the proposal that the 1941 ACI Building Code be 
modified in furtherance of the proposed National Emergency Code for the 
conservation of steel and other strategic materials, chiefly for defense con- 
struction of a temporary nature where time was urgent and steel short. How- 
ever, the predominant view was that many savings could be made without 
modifying the ACI Building Code. Rather than code changes, some type 
of emergency regulations seemed preferable. 

This latter concept did result in the issuance by the War Production Board 
of a set of “National Emergency Specifications for Design of Reinforced 
Concrete Buildings” to conserve steel in buildings constructed for the govern- 
ment. Allowable compressive stresses in concrete were reduced and stresses 
for steel were increased. These temporary measures also called for the use, 
where practicable, of unreinforced concrete. For guidance on the latter 
point, Committee 322 issued proposed recommended stresses for unrein- 
forced concrete. Because military vehicles and movement of unusually 
heavy loads related to the war effort were far in excess of the loadings con- 
templated when many highway bridges were built, the committee on safe 
loads for existing bridges published a proposed method for estimating their 
capacity. Problems in the design of bomb-resistant air raid shelters were 
analyzed on the basis of the degree of protection acceptable in the structure 
under consideration. 

Realizing that the procedure for adopting a new standard or for changing 
an existing one requires considerable time, ACI established emergency stand- 
ard-making procedures during World War II (which could be used again in 
the event of future emergencies). 

Further work toward war objectives carried over into 1944 with reports 
on planning for the postwar period, tremie concrete for dry docks, tests of 
gasoline-resistant coatings for concrete tanks, and methods for placing these 
linings in above and below ground installations. 


Air-entrained concrete 

The previous trickle of information on air-entrained concrete became a 
flood tide with publication of a 64-page symposium by a number of experts 
guided by Frank H. Jackson. Increased durability of air-entrained con- 
crete, effect of entrained air on strength, yield, and mix design, inability 
of air entrainment to correct unsound aggregate, effect of sand grading and 
richness of mix, air-entraining cements, and addition of agents at the mixer 
were discussed in detail. 

Intensified committee work resulted in the adoption of three new standards 
—mix design, specifications for pavements and bases, and specifications for 
cast stone. Fof mix design a six-step procedure was given for determining 
a trial mix starting with the selection of the water-cement ratio and ending 
with adjustment of the trial mix on the job. A table of mixes was supplied 
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Design for the future . . . This 

building for Michigan Bell Tele- 

phone Co. was designed to resist 

the blast and stop most of the 

radiation from a 20 kilo-ton 

atomic bomb assumed to explode 

at a horizontal distance of % 

mile and at an elevation of 2000 

ft. The structure has two stories 

above grade and a basement; 

exterior walls are of reinforced 

concrete 13 in. thick with V- 

shaped grooves forming panels :, , 

in exterior faces for architectural Courtesy Smith, Hinchman & Grylls, Inc. 
effect. At every fifth panel the 

wall is recessed 41 in. on the exterior face and a 3 in. thick "Mo Sai'’ panel cemented into the 
recess. The first and second floors, as well as the roof, consist of two-way reinforced concrete 
slabs supported on reinforced concrete girders; the roof slab is 12 in. thick, the floor slabs 8 in. The 
basement floor, serving also as a foundation mat, is in effect an inverted flat slab 10 in. thick with 
24 in. thick drop panels under the columns and walls. Design by Smith, Hinchman & Grylls, Inc. 


for small jobs where the more detailed method might be found impractical. 
The pavement specification included materials, proportioning, measuring 
and handling, mixing, high-early strength concrete, subgrade preparation, 
forms, joints and reinforcement, placing and finishing, and curing. 

The probiems related to the use of admixtures in concrete was thoroughly 
reviewed by an Institute committee. Its report discussed accelerators, air- 
entraining agents, gas-forming agents, natural cementing materials, pozzolans, 
retarders, water-repelling agents, and workability agents. 

Principal contribution to knowledge of concrete in 1946 was the second 
symposium on air-entrained concrete to which there were 15 participants. 
Phases of the subject ranged from laboratory studies of concrete containing 
air-entraining admixtures through mix design, experiences in ready-mixed 
concrete operations and pavement jobs to types of equipment for dispensing 
air-entraining agents and devices for measuring the amount of air entrained 
in the concrete. 

Significant was a paper reporting on the behavior of concrete structures in 
Hiroshima and Nagasaki, Japan, under the first uses of the atomic bomb. 
Principles and procedures of design necessary to resist such attacks by these 
new weapons were discussed. 

Two new standards were adopted on precast concrete floor units and the 
construction of farm silos. The first specified minimum requirements of 
materials, manufacture, and testing of such members and defined and estab- 
lished design requirements for I-beam and hollow-core joints. The second 
contained recommendations for use in the design of concrete stave, block, and 
monolithic silos for the storage of grass or corn silage. 

Interest remained high in the problems relating to mass concrete structures 
with reports on maintenance of hydraulic structures, cracking, foundation and 
contraction joint grouting, erosion by cavitation, and tunnel linings. Other ad- 
vancing developments were use of cement-base paints, measurement of air in 
fresh and hardened concrete, influence of thermal properties of aggregates and 
tests of the bond characteristics of plain and deformed reinforcing bars. 
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Formation of TAC 

In 1947, to provide better control of Institute technical affairs, the Tech- 
nical Activities Committee was formed. It has administrative responsibility 
for the content of Institute convention programs, of its technical publica- 
tions including their editorial treatment, and also for the assignments and 
choice of personnel and functions of technical committees including the 
initiation and development of proposed Institute standards—but not in- 
cluding special responsibilities of the Standards Committee in the critical 
review, approval, and promulgation of proposed standards. 

The first four chapters (seven have been published to date) of the long- 
time study of cement performance in concrete appeared in 1948. Included 
were the history and scope of the project, manufacture of the test cements, 
chemical and physical tests of the cements, and the microscopical study of 
clinkers. Other subjects of current interest were bond and anchorage, cement- 
alkali reaction, design of reinforced concrete members, and factors affecting 
durability of concrete. 

A recommended practice for winter concreting methods was adopted as a 
standard of the Institute establishing standard methods of cold-weather 
concreting for thin sections and for mass concrete. Preferred methods were 
given for heating of materials, accelerations and antifreezes, curing and tem- 
perature records during curing, subgrade preparation, protective coverings, 
and form removal. 

To encourage uniformity in the delineation of reinforcing steel on design 
drawings a manual of standard practice for detailing reinforced concrete struc- 
tures was adopted. It has become widely used in engineering offices and 
educational institutions throughout the country. 

The Board of Direction adopted a number of long-time goals toward doubling 
the Institute membership in ten years, increasing the number of and quality 
of technical papers and broadening the scope to include more practical in- 
formation, increasing the quantity and scope of technical committee reports, 
improving the quality of convention programs, encouraging more discussion 
of papers and reports, and holding regional meetings and developing local 
conferences. 

Air entrainment continued to get attention in 1949 with new information on 
factors affecting air entrainment, practices, experiences and tests with air- 
entraining agents, air-entrained concrete in pavements, and a method for 
determining the air content of fresh and hardened concrete. The results of 
tests at the Bureau of Reclamation and the Bureau of Standards furnished 
basic data on a variety of lightweight aggregates and their uses in concrete. 
Committee work resulted in the adoption of a recommended practice for the 
application of portland cement paint to concrete surfaces. 


A survey of inspection practices in 1950 reviewed the requirements in mass 
and related concrete construction, highway and bridge work, buildings, and 
ready-mixed concrete, and discussed the contractor’s viewpoint of inspec- 
tion and the qualifications for a good inspector. Information on precast and 
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prestressed concrete became available in greater volume by way of papers on 
corrosion protection of thin precast sections, spacing of moment bars in 
precast joists, proposed specifications for minimum bar spacing and pro- 
tective cover in precast concrete framing members, extent and acceptability 
of cracking in precast concrete framing members, patents and codes relating to 
prestressed concrete, and prestresssed concrete construction procedures. 

Raymond C. Reese traced the development of reinforcing bars from the 
original plain round or square forms to the present deformed patterns through 
the early work of Withey and Abrams down to the 1949 report of Clark’s 
tests. Noting that ASTM had adopted a standard for deformed bars, he 
emphasized the need for revision of design specifications to take into account 
the characteristics of the improved bars. The ACI committee on bond stress 
reported allowable unit stresses in concrete reinforced with new-style deformed 
bars. 


The building code and detailing manual were modified in 1951 to allow for 
the improved bond characteristics of these deformed bars conforming to 
ASTM Designation A 305. Other standards work resulted in revisions to the 
specifications for pavements and bases, and in a new standard recommended 
practice for the application of mortar by pneumatic pressure. The new 
standard discussed the advantages and disadvantages of pneumatically placed 
mortar and established recommended practices for placing and mixing shot- 


crete, qualifications and duties of workmen, preparation of surface before 
shotcreting, reinforcement, sequence of application, and curing. 

Current practices in curing concrete pavements, structural concrete, mass 
concrete, and canal linings and durability of railway concrete, pavements, 
and hydraulic structures were reviewed in 1952. The problem of ultimate 
load design was approached through a review of research, restatement of 
fundamental concepts, practical design examples, and a discussion of load 
factors. 


The highlight of the 1952 convention was a special luncheon given in honor 
of Harvey Whipple who after 32 years as the secretary-treasurer of the Insti- 
tute retired to become editorial consultant. Many of those famous in the in- 
dustry heard retiring president H. F. Thomson remark: 

“With the close of this convention, our organization passes an important milestone or 
rather a 32nd milestone as that is the length of service by Harvey Whipple, as our secretary 
and subsequently our secretary-treasurer. To many of our members and friends, his per- 
sonality has epitomized the energy, the judgment, and the foresight of the Institute. He 
has earned the title among this generation of ‘Mr. ACT’.” 

The first step in the work of the committee on prestressed concrete was 
the publication of its proposed definitions and notations for prestressed con- 
crete as the forerunner to a recommended practice for prestressed concrete 
design upon which the committee is now actively engaged. More attention 
was given to the use of prestressed concrete in bridges, specialized founda- 
tions, and buildings as well as design problems for continuous beams. Thin- 
shell precast concrete was also described as applied to the construction of 
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warehouses and barracks with emphasis on assembly line techniques for pro- 
duction of the members on the site and in factories. 

The committee on reinforced concrete chimneys in 1953 proposed a standard 
specification for the design and construction of such structures to replace a 
tentative standard adopted in 1936. Included were recommended loadings 
and recommended methods for determining the stresses in the concrete and 
reinforcement resulting from these loadings. The specification covered 
specialized requirements for mixing and placing concrete, recommended 
practice for linings where required, and chimney accessories. 

To provide for the specialized requirements of the highway field, a manual 
of standard practice for detailing reinforced concrete highway structures 
was adopted in 1953. 

The Board of Direction approved the formation of two new technical 
committees in fields in which the Institute had been relatively inactive in 
recent years. One is to study and report on structural design and construc- 
tion aspects of concrete masonry and the other is to investigate the feasibility 
of a recommended practice for the use of concrete in residential construction. 


CONCLUSION 


The 50 years since that first convention in 1905 in Indianapolis have seen 
the Institute gather the materials for the foundations of good practice in 
design, construction, and manufacture. By maintaining a high standard of 
professional and technical ability in its committee memberships and in the 
authorship of papers, the American, Concrete Institute has contributed to a 
detailed knowledge of materials and the resulting structures and to the 
general acceptance of concrete for a multitude of uses. ACI’s statute as a 
professional organization has resulted from the wholehearted cooperation of 
a host of members in the direction of administrative affairs, service on tech- 
nical committees, and individual efforts in the preparation of technical papers. 

The problems are not all solved—and never will be. Most new concepts 
go through a cycle of experimental development, rapid and intensive elabora- 
tion, and finally condensation and simplification. In that direction, the 


half-century of progress just closing offers a challenge to present and future 
members which cannot be put aside. 


Goals are elusive and everchanging but the objectives set down by the 
founders of the American Concrete Institute point the way to continued 


technical advancement and service to the engineering profession and to the 
public. 














A 50th Anniversary Feature 


Notahle Concrete Structures 


Old and New 


“The final test of progressive knowledge in 
the field of construction is the structure” 


In commemoration of the 50th anniversary of 
the American Concrete Institute, the ACI 
JOURNAL presents the first of a series illus- 


trating concrete structures around the world. 


Bridge at Shepherd's Dell, Columbia 
River Highway, was one of the first 
concrete bridges ha for the Oregon 
State das wer ommission in 1914. 
Builder—Pacific Bridge Co. Engineer- 
architect—K. P. Billner 


Courtesy K. P. Billner 


Courtesy California Division of Highways 


Four-level traffic interchange for three freeways completed by California Division of Highways 
in 1949. The Hollywood Freeway is carried on the upper deck; the Harbor Freeway is in the 
right foreground; and the Arroyo Seco Freeway extends northerly to the top of the photo. Con- 

tractor—James |. Barnes Construction Co. Resident engineer for the state—H. R. Lendecke 4 
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Manhattan House is one of the tallest reinforced concrete 
structures in New York City (22 stories high, including 
penthouses). Completed in 1951 for New York Life In- 
surance Co., it was one of the first buildings to be designed 
in New York using 4000-psi concrete, which was made 
possible by a change in the New York Building Code per- 
mitting the use of 4000-psi concrete instead of 3500 psi 
Engineer—Skidmore, Owings & Merrill. Architect 

Mayer & Whittlesey. Contractor—Cauldwell-Wingate Co. 
Concrete contractor—Corbetta Construction Co., Inc. 





Courtesy Skidmore, Owings & Merrill 


Nine stories high, containing 170,000 sq ft of floor space, 

the Robert Gair Co. building in Brooklyn, N. Y., built in 

1904 by Turner Construction Co., was the largest rein- 

forced concrete building erected in the United States up 

to that time. Turner Construction Co. was one of the 

pioneers in reinforced concrete construction in this coun- 
try. Architect—William Higginson 


Courtesy Turner Construction Co. 


Probably the second largest reinforced concrete office 
building in the United States (the Pentagon in Washington, 
D. C., is the largest), the U. S. Army Finance Center, Fort 
Benjamin Harrison, Ind., is nearing completion. The 
sprawling $18,000,000 structure is 996 x 612 ft and has a 
usable floor space of 1,552,000 sq ft. The floors and roof 
are of flat slab design with drop panels on a column spacing 
of 24 x 24 Ft to support a live load of 175 |b per sq ft. The 
outside row of columns is set back 6 ft from the building line 
to conserve space for aisles, ductwork, and to provide for 
continuous sash. Expansion and contraction problems were 
met by separating the building into nine sections by expan- 
sion joints. Designed by Harley, Ellington & Day, Inc. Con- 
tractors were Sherry-Richards Co., James McHugh Con- 
struction Co., Corbetta Construction Co., and Willcox 
Construction Co. 


Courtesy Harley, Ellington & Day, Inc. 
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Lake Washington “floating bridge,” Seattle, Wash. In 
effect, this bridge is a stationary “raft’’ floating on the sur- 
face of Lake Washington. Built between 1938 and 1940 
at a cost of $8,850,000, the four-lane roadway is 1.3 
miles long, made up of 24 precast cellular reinforced con- 
crete pontoons securely anchored to the lake bottom. 
A central opening for ships is provided by a sliding, indrawn 
floating span (far shore). Built by the Washington Toll 
Bridge Authority. Construction contract was held jointly 
by Puget Sound Bridge and Dredging Co., Parker-Schram 
Co., J. H. Pomeroy & Co., and Clyde E. Wood, operating 
under the name of Pontoon Bridge Builders 


Courtesy Portland Cement Assn. 


A longitudinal barrel shell type structure, Hershey Sports 
Arena, Hershey, Pa., built in 1936, utilized the Zeiss- 
Dywidag system. The monolithic concrete shell roof has a 
span of 230 ft and the building is 356 ft long, at that time 
representing the widest concrete building span. The 3% 
ft thick shell slab spans over two arches 39 ft 2 in. on cen- 
ters and cantilevers beyond each of the arches 19 ft 7 in.; 
there are ten supporting arches. Owner, designer, and 
builder—Hershey Estates. Structural engineers and super- 
vision of construction—Roberts and Schaefer Co. 


Courtesy Roberts and Schaefer Co. 


A lacy envelope of concrete best describes the dome of 
Baha'i Temple, Wilmette, Ill. The ground plan of the temple 
is a nine pointed star. The walls of the first story curve from 
point to point as horizontal arches. The second story is 
another star superimposed so that the points fall between 
the points of the one below. The clerestory is a transition 
between concave and convex surfaces and the dome itself 
is perforated in a pattern of lacelike intricacy. The precast 
ornamented dome sections are supported by a composite 
structural steel and reinforced concrete structure. Special 
architectural concrete for the dome was done by John J. 
Earley. Architect—Louis Bourgeois. Structural engineer 
—Benjamin B. Shapiro. Superstructure erected by George 
A. Fuller Co. 


Courtesy Portland Cement Assn. 
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Revolutionary in design, the Research and Development Tower, S. C. Johnson & Son, Inc., 
Racine, Wis., is an outstanding example of reinforced concrete cantilever floor construction. 
Designed by Frank Lloyd Wright, the 153 ft high building has hanging walls of brick and hori- 
zontal glass tubing, all supported by a hollow reinforced concrete core. The concrete founda- 
tion (shown in cross-sectional drawing) is like a heavy keel or anchor to provide a solid base 
for the tower. A relatively narrow reinforced concrete ‘stem’ connects this base with the 
tower structure proper, where each floor is cantilevered from the core (see construction view). 


The central core is 13 ft in diameter at its narrowest point, the walls vary from 7 to 10 in. Floors 

are in pairs, 40-ft square floors alternating with circular floors 38 ft in diameter. Specifications 

called for 5000-psi concrete. Completed in 1950, Wiltscheck and Nelson, Inc., were general 
contractors 


Detroit Dam on North Santiam 
River, near Salem, Ore., is a 
unit in the U. S. Army Corps of 
Engineers’ Willamette River Basin 
project. A concrete gravity 
type dam, 1,345,000 cu yd of 
concrete was used. Total length 
across the deck is 1528 ft; it is 
454 ft high, foundation to deck; 
and maximum width at the base is 
339 ft. Prime contractors for the 
$70,000,000 project of the Port- 
land District, Corps of Engineers, 
were Consolidated Builders, Inc. 


Courtesy U. S. Army Corps of Engineers 


Continued on p. 472 
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A 50th Anniversary Feature 


> 


Fifty Years of Development in Building Code 
Requirements for Reinforced Concrete’ 


By FRANK KEREKEST and HAROLD B. REID, JR.t 


SYNOPSIS 


Traces 50 years of development in building code requirements for rein- 
forced concrete to provide present users of the ACI Building Code with 
background information on the evolution of many provisions dealing with 
design of principal structural elements of a reinforced concrete building. 
Starting with the formation of the first Joint Committee on Reinforced 
Concrete in 1904, research and design development and philosophy are 
reviewed—which culminated in the present ACT Building Code. 


FULFILLMENT OF AN IDEA 


Fifty years. ..How short in the evolution of man! How long in the ful- 
fillment of an idea! How many tons of ore to produce an ounce of radium, 
an ounce of uranium? How many hours, how many men, how many miles 
of travel to produce 64 pages of “Building Code Requirements for Reinforced 
Concrete (ACI 318-51)? No one will ever know; no one may ever care to 
know how many hours of toil and critical thinking were contributed freely 
and zealously. by hundreds of theoretical and practical engineers in creating 
an internationally recognized standard of reinforced concrete building 
practice. No one will ever determine the hundreds of thousands of engineers 
who were guided by the ACI Building Code in the design of billions of dollars 
worth of substantial and noteworthy reinforced concrete buildings. With- 
out the cumulative and crystallized experience furnished by a host of compe- 
tent designers of reinforced concrete buildings, the individual beginner, as 
well as the seasoned practitioner, would be deprived of the benefits of the 
vast amount of counsel placed at his disposal by the Code which was de- 
veloped over a period of 50 years by members of the national technical 
societies represented in the Joint Committee and Committee 318 of the 
American Concrete Institute. 

This story of progress tracing 50 years of development in building code 
requirements for reinforced concrete provides present users of the ACI 
Building Code with the evolution of many provisions dealing with design of 
principal structural elements of a reinforced concrete building. Many items 


*Received by the Institute Dec. 9, 1953. Title No. 50-26 is a part of copyrighted JourNAL or THe AMERICAN 
Concrete Institute, V. 25, No. 6, Feb. 1954, Proceedings V. 50. Separate prints are available at 60 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than June 1, 1954. Address 18263 W. McNichols 
Road, Detroit 19, Mich. 

+tMember American Concrete Institute, Assistant Dean of Engineering, Iowa State College, Ames, Iowa. 

tMember American Concrete Institute, Structural Engineer, L. H. Nishkian and B. L. Nishkian, Consulting 
Engineers, San Francisco, Calif. 
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are still in a state of transition even though they have had the thoughtful 
consideration of many committee members for many years. Other develop- 
ments are so new that the profession has not as yet crystallized its thinking 
about them. Yet, because these new developments are being used in the 
practical, everyday thinking of the reinforced concrete designer today, they 
should gradually be introduced into the Code. How much and how soon 
to introduce these new developments is one of the many decisions requiring 
the attention of members of ACI Committee 318. 

This story of the development of the ACI Building Code should not only 
interest but benefit the membership of the American Concrete Institute. 
Younger members will develop a wholesome respect for the contents which 
at first use seem arbitrary or self-evident; older, members will have 
opportunity to relive their convictions and adjustments as the science and 
practice of reinforced concrete design approach more and more tenable in- 
terpretations of the behavior of all parts of a reinforced concrete building. 

FORMATION OF THE FIRST JOINT COMMITTEE, 1904 
Organization 

The Joint Committee on Reinforced Concrete came into being in 1904, 
before the founding of the National Assn. of Cement Users (later to become 
the American Concrete Institute), and was made up of representatives of 
the four major societies interested in the uniform control of reinforced concrete: 
American Society for Testing Materials, American Society of Civil Engineers, 
American Railway Engineering and Maintenance of Way Assn. (later 
American Railway Engineering Assn.), and Assn. of American Portland 
Cement Manufacturers (later Portland Cement Assn.). 

The Joint Committee reported that there was a scarcity of reliable material 
on reinforced concrete, a great diversity of opinion, and that recent investi- 
gations had not confirmed “certain deductions’? considered by many to have 
been established as fact. Many tests had been made on reinforced concrete 
but the diversity of results and interpretations had extended to so many 
features, including many fundamental principles, that the committee felt it 
best to “begin with elementary matters and to get at the subject from the 
foundation up.”’ This represented a tremendous task. In that same report 
are the names of 11 universities which were already at work, using as nearly 
uniform methods as possible, and covering such subjects as complex flexure, 
beam tests, effect of position and shape of reinforcing bars for various steel 
percentages, strength of T-beams, shearing strength of plain concrete, temper- 
ature changes, loading effects, time tests, methods of bending up reinforcing 
bars, bond, column tests, and diagonal tension cracks. 

Shortly after formation of the Joint Committee, aid of the United States 
Geological Survey was enlisted and aid was also granted by the government 
to a number of contributing universities to enable them to maintain this 
program of research. Private industry in the years that followed also played 
a significant role by supplying materials on many occasions and by permit- 
ting field tests of many of its buildings. 
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Progress report, 1909 

In a progress report of the Joint Committee in 1909 projects under way 
during previous years were collated in what might be termed a guide in the 
use of reinforced concrete. Much space was devoted to the explanation, 
where possible, of forces at work in a reinforced concrete member, and to 
precautions that should be taken based upon this pool of experience. The 
report was a condensation of the vast amount of experimental data that had 
come into the hands of the committee up to that time, and little was mentioned 
concerning the manner of limiting stresses or suggested moments. An appendix 
supplied design equations then universally accepted. 


FOUR CHANNELS OF DEVELOPMENT 


Generally speaking, in the development of either the ACI or the Joint 
Committe code into their present form, the existence of a provision, a change 
or an elimination of a provision, can be accounted for in four ways. 


1. Statics of internal forces 

General design equations were developed as simple analytical expressions 
of forces in a reinforced concrete section. These appeared early in the growth 
of reinforced concrete design. Representatives of these are: 

M = \f.jkbd? 
and 
M 

Some of these were put to test as, for instance, the value of k (ratio of 
depth of the neutral axis to the depth of the reinforcement). Prof. Arthur 
Talbot suggested that a figure of 


k = 0.26 + 0.18p 
(where p is in percent) best satisfied results of tests at the University of 
Illinois. Professor Hatt of Purdue University suggested a solution for k 
which was based on a parabolic stress distribution and which took into account 
tensile strength of concrete. His equation was: 





4+3 are 
or aa - \ 4n + 9/4 p?m? + p\ 6m [u(n —1)+ 1] 
By gal concern wl — % . 
2u(n — 1) 
_ depth of steel 
depth of beam 


E (steel) 








Where 





m 


E (concrete in tension) 


Professor Hatt found that his test results checked quite satisfactorily with 
this equation. Yet an expression for k that was universally accepted at that 
time was: 

k = ¥ (np)? + 2np — np 
and this has remained as the design equation to this day. 
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2. Modification of moment coefficients 

A second type of provisional development was the design equation which 
could not be accepted in its theoretical form as being representative of the 
performance of reinforced concrete. For instance, the total flat slab moment 
as derived from statics was: 

M = 0.125 WI (1 — 2c/3l)? 

but a continual modification of the coefficient was made as more test data 
was received. At one time the coefficient was 0.1067 and at present it is 0.09. 


3. Permissible stresses in flexure, shear, and bearing 

Allowable stresses for concrete in flexure, shear, or bearing were set at 
certain prescribed values as will be seen in the early beginnings of the ACI 
Code. Later experience coupled with more uniform laboratory tests and 
still later with the introduction of more reliable methods of guaranteeing 
concrete design strengths (W/C ratio, etc.), the code became more lenient 
and gave more consideration to allowable design values by specifying that 
these be based on percentages of their ultimate strengths at 28 days. 
Moment coefficients for flat slabs, subjected to many different theories could 
be classed in this same group, but until acceptance of the Westergaard 
equations, which placed a heavy emphasis on test data, the determination 
of moments in flat slabs was allowed a rather wide range. 


4. Introduction of factors of safety 


This development was based on the result of what seemed to be sound 
practice to the building industry. This might, as an example, take the form 
of a factor of safety, such as that for bond in requiring a minimum length 
of embedment into the support for a certain percentage of positive steel in 
a slab. This provision, by its nature, did not pretend to solve the question 
of bond in any particular case, but instead, specified a method which imposed 
a factor of safety that seemed justifiable in the light of current practices. 


Finally, it must be remembered that design equations for reinforced con- 
crete do not have the precision obtainable in steels of a fairly homogeneous 
nature. At best, a reasonable approximation is found suitable for code 
purposes, and in many cases this may represent the most practical equation 
for code use, rather than one that most nearly represents what is hoped will 
be actual design conditions. 


NATIONAL ASSOCIATION OF CEMENT USERS 

First attempt to write a code for reinforced concrete, 1907 

The first attempt of the National Assn. of Cement Users in writing a 
reinforced concrete code appeared in 1907 in a report by the Committee 
on Laws and Ordinances. H. C. Henley, reporting for the committee, noted 
that failures had occurred in this material with sufficient frequency to ‘cause 
some doubt with the public as to its safety,’ and expressed the feelings of 
the Association at that time, that proper ordinances and their strict enforce- 
ment were sorely needed to advance reinforced concrete as a form of build- 
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ing construction. Articles in the Proceedings of that year show that the 
Association was primarliy concerned with cement products rather than the 
use of reinforced concrete, and the laws and ordinances devote considerable 
space to the use of concrete block. 


Little that is definite was said about design procedure for reinforced con- 
crete. As far as unit stresses were concerned, 500 psi was allowed in direct 
compression, 800 psi for “‘cross bending,’ 300 psi for direct shear, and 30 
psi for “secondary tension.”” Medium steel was allowed a stress of 14,000 
psi and high elastic limit steel, 20,000 psi. The rest of the design section 
concerns itself with columns where the unsupported length of a column was 
not to exceed 15 times its least lateral dimension; the steel in the columns 
was to be stayed at not more than 20 times its least dimension; and (a familiar 
figure) the area of steel was to be not less than 1 percent of the concrete area. 
Hooped or spiral columns were allowed a working stress of 1000 psi or could 
be figured by the compressive resistance of the longitudinal reinforcement or 
on the basis of the volume of the hooping or spirals. 


Second report of NACU, 1908 


In 1908 the second report of the National Assn. of Cement Users recom- 
mended an ordinance for reinforced concrete construction submitted by the 
National Board of Fire Underwriters. Although these recommendations 
were not adopted by the NACU it is interesting to note the approach to 
concrete design offered by the board. As was the case with the Association’s 
original report, the bulk of the specification was concerned with mix design, 
quality of materials, and placement of concrete. In the actual design of 
members the board recommended, among other things, that allowable unit 
bond stress be at least equal to the unit shearing strength of the concrete; 
the design should be based on the assumption of a load four times as great 
as the total working load, producing a stress in the steel equal to the elastic 
limit and a stress in the concrete equal to 2000 psi; shearing strength for the 
concrete would be assumed at 200 psi. 


Web reinforcement in T-beams, bond, and anchorage were to be provided 
for, where needed, but no specific requirements were mentioned. The board 
recommended an L/d ratio of only 12 for columns, with the reinforcement 
being tied at intervals of not more than the least dimension of the column. 
In regard to bending moments the board seemed to have little faith in 
continuous construction, for beams and girders were to be considered as 
simple spans, regardless of end conditions. In the case of continuous flat 
slabs, the moment (supposedly positive and negative) was to be taken as 
wl?/10 and in the case of square panels with two-way reinforcement supported 
on all four sides this was wl?/20. 

In 1909 there was a flurry of proposed building regulations. The Joint 
Committee submitted its third report in three years and a revision of this 
was made at the annual convention. A report was also submitted by the 
Committee on Reinforced Concrete, newly formed by the NACU. 
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Continuity in reinforced concrete design 

The report of the Committee on Laws and Ordinances indicated that 
much had been accomplished since 1907. The paragraph on bending moments 
allowed for continuity of construction. Moments for interior slabs were 
wl?/12 with the stipulation that the negative reinforcement at the supports 
must be at least one-half that used over the center. Flat slabs with conti- 
nuity on at least three sides were to be designed with the same assumptions. 
The revision added a modern note by requiring that at least one-quarter of 
the positive reinforcement for interior slabs be carried into the supports. 
An attempt to account for the load distribution in slabs on four sides brought 
forth the formula* 

bt 
~ LA + 6 
with L and b the sides and y the proportion carried by the transverse rein- 
forcement. The load carried by beams for this situation was determined in 
the same manner as is used today. 

In regard to T-beams, the initial report suggested that the effective width 
b’ be not more than the width of the stem plus six times the thickness of the 
slab on each side (as compared to the present value of eight), but this was 
revised at the convention to read not more than one-eighth of the span length 
(vs one-fourth today) which was considerably more conservative. 

The initial report, when it came to determining working stresses, concocted 
an extremely conservative f. of 650 psi as compared to 500 psi of the New 
York City Code, and also adopted the Fire Underwriter’s recommendation 
that a factor of safety of four be applied to all live and dead loads. 

Needless to say the revision eliminated this latter imposing restriction. 
Also added to the paragraph on the allowable concrete fiber stress was the 
rather indefinite provision that the figure of 650 psi could be increased 15 
percent near the supports in continuous beams. 


Y 


COMPARISON OF MUNICIPAL CODES CURRENT IN 1909 


A comparison of municipal codes in 1909, totaling at least 15, shows that 
the allowable fiber stress of the Association was, with the exception of two, 
easily the most liberal. Again in comparison with municipal codes an allow- 
able shear stress of 40 psi was comparatively conservative; bond stress of 
80 psi with 150 psi for deformed bars was also quite liberal. Compressive 
stress in columns ranged from 540 to 650 psi depending upon the reinforce- 
ment. (This is difficult to compare for divergent opinion in this department 
allowed values in different cities ranging from 600 to 1000 psi to those who 
preferred not to commit themselves at all.) But, if anything, the NACU 
may be considered quite conservative in this regulation. It is interesting to 
note in regard to the municipal codes that those who wished to specify a 
minimum slab thickness settled on 3% in. The Joint Committee’s report 
and its subsequent revisions became the Association’s first proposed regulations. 


*Recommended earlier by the Joint Committee. 
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In the NACU Proceedings of that same year appeared a report by Sanford 
E. Thompson of the Committee on Reinforced Concrete. Recommendations 
in the report represented generally those of the more complete Joint Com- 
mittee recommendations of that year. Allowable unit stresses were essentially 
the same as those of the Association for that year. 

Effective width for T-beams was to be limited by either one-fourth the 
span length of the beam or four times the slab thickness on each side of the 
web. 

Much more attention was paid by the Joint Committee to the section on 
shear and diagonal tension in both a descriptive way and in actual design 
limitations. Unit shearing stress was to be increased from 40 to 60 psi* 
with “bent up bars arranged with due respect to shearing stresses’ but not 
to exceed 120 psi with web reinforcement. The area of the web reinforcement 
was to be “proportioned” to equal the horizontal shear produced between 
the two adjacent stirrups less the amount carried by the concrete. Stirrup 
spacing was limited to three-quarters the depth of the beam in the area where 
it was needed. Allowable column stresses in the Joint Committee regulations 
were the same as those of the Association with the exception that columns 
with structural steel cores were allowed considerably higher values. 

In the discussion that followed this report it was felt by some that allowable 
stresses for cold drawn wire and cold rolled steel should be higher. There 
was a difference of opinion also as to whether bond stress for wire should be 
increased or omitted entirely. 


1910 REPORT ON THE DEVELOPMENT OF THE FIRST 
JOINT COMMITTEE RECOMMENDATIONS 


A report was issued the following year (1910) on the development of the 
Joint Committee regulations, by A. E. Lindau. The report did not cover 
any specific sections of the code of the previous year but confined itself to two 
problems which had been subject to considerable discussion. As Mr. Lindau 
pointed out, the efforts by those who were trying to formulate some kind of 
a standard practice tended to penalize the economy of the medium in their 
attempt to eliminate the chaotic conditions. He also mentioned a situation, 
which has continued to trouble the industry since the beginning, of trying 
to meet demands both of theorists and of practical constructors. 


Higher unit stresses and reduction of moment factors 


The two problems covered in this report were allowing higher stresses for 
medium steel and reducing moment factors for floor slabs. Of the latter the 
article mentions a variance of WL/12{ (quite common in codes in that time) 
to WL/30 being used by Hennebique in France for slabs reinforced in two 
directions and considered partially restrained. 


*These values were for 2000 psi concrete at 28 days. Both the Joint Committee and the Association allowed 
proportional increases up to 25 percent for higher compressive strengths at 28 days. 
+tWhere W = load per sq ft and ZL the span in feet in the direction considered. 
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Hooping of columns 

Discussion that year also showed a desire by NACU to obtain more 
accurate information on the contribution made by hooping to the strength 
of columns. The Joint Committee in previous years had preferred to assume 
that hooping did not represent any additional strength in itself, but because 
of its function allowed greater permissible stresses in the concrete, and there 
was also a question among members as to the validity of Consideré’s theory 
of spirally reinforced columns. To add to the confusion, the stress allowed 
to the area within the hooping was such that, when 2 in. of concrete was 
added for fireproofing, the stress on the gross area of the concrete in the column 
was reduced sufficiently in a good many cases to require no reinforcing at all. 


First Standard Building Regulations 

The First Standard Building Regulations were officially adopted by the 
Association, having been given a period of reconsideration, in February, 
1910, with but a few revisions made in the original proposal. A bit more was 
added to the paragraphs concerning columns allowing for bearing plates or 
dowels for longitudinal members in excess of 114 in., and the upper limit 
of b’ for T-beams was changed once more to one-sixth of the span. These 
regulations had not as yet adopted the more expanded form of the Joint 
Committee proposal for the entire design portion of these regulations was 
lumped under four small chapters headed: general assumptions, loads, 
bending moments, and working stresses. 


PROPOSED REVISED REGULATIONS, 1916 


Experimental work between 1903 and 1910 was chiefly laboratory work 
but in the next five years much was accomplished in collecting data on results 
of tests made on actual buildings. Concurrently many articles appeared in 
various engineering publications correlating these test results with the many 
methods of design proposed by the authors, and by 1916 exchange of ideas 
between members of the building industry showed the need for revisions. 


Permissible unit stresses expressed as percentages of the ultimate strength of concrete 

The proposed revised regulations of ACI, which appeared in 1916, showed 
some of the effects of the many tests which had been made and the papers 
written during the preceding years. Notable was the fact that no definite 
allowable stresses were given for flexure, shear, etc., but rather these stresses 
were expressed in percentages of the 28-day compressive strengths of con- 
crete mixes.* It was noted under partially restrained members, and spans, 
that 1% of the positive reinforcement should be bent up to provide for partial 
restraint, and a definite requirement for temperature steel (0.002 percent 
of the cross section) was introduced for the first time. 


*This is the same procedure employed in the Joint Committee Report of 1909; direct compression = 0.25 fe’; 
shear (unreinforced) = 0.02 fc’; shear (reinforced) = 0.75 fe’; bond (plain bars) = 0.04 fc’; bond (deformed) = 
0.05 fe’; bearing = 0.50 fc’; and fiber stress fe = 0.375 f-' (0.475 adjacent to the support of continuous members, 
changed to 0.410 in 1917). 

The notable development here is not that more liberal stresses were allowed but that the stresses might become 
considerably greater now that 3000- to 3300-psi concrete was recognized on a strictly proportional basis rather 
than being limited to 25 percent greater than 2000-psi concrete. 
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Methods for determining column sizes 

By far the most notable development in the code came about in the pro- 
visions on columns. Much had been written in the previous ten years on the 
results of column tests with various types of reinforcement. © Notable in 
column testing was the work done at Watertown Arsenal as early as 1905. 
It had, in addition to testing columns made on the site, extended use of its 
equipment to any testing group wishing to submit column specimens, and by 
1906, according to its report, it had tested 99 columns. Tests were made 
on different mixes, plain and reinforced columns, and on columns with various 
means of lateral reinforcement (7.e., hoops, ties, wire fabric, etc.). 

In 1916 there were three distinct methods for determining column sizes 
according to the various municipal codes. 

Joint Committee recommendations based on tests—The first method used 
quite generally was based on the recommendations in the Joint Committee 
report, sometimes with variations upon allowable stresses to be used. This 
allowed a total safe load of: 

P =f, A[1 + (n — 1) 7] 

where A for hooped columns or those with structural shapes was to be taken 
as the area within the spiral or polygon enclosing the structural shape. Ac- 
cording to the Joint Committee: “ the general effect of closely spaced 
hooping is to greatly increase toughness of the column and to add to its 
ultimate strength, but hooping has little effect on its behavior within the limit 
of elasticity. It thus renders the concrete a safer and more reliable material 
and should permit the use of a somewhat higher working stress.” 


To account for this the Joint Committee recommended that: (a) columns 
with longitudinal reinforcement of from 1 to 4 percent and lateral ties 14 in. 
in diameter spaced not more than 12 in. or 16 bar diameters apart have a unit 
stress for axial compression of 0.225f,’ (this happened to aiso be the allowable 
stress for unreinforced concrete piers, not more than four column diameters 
in height); and (b) columns with longitudinal reinforcing of the same per- 
centages with circular hoops or spirals not less than 1 percent of the concrete 
volume shall have a unit stress 55 percent greater than for part (a). This, 
in effect, is more liberal than the present day code on tied and hooped columns 
for the difference between stresses allowed the two types is more than twice 
what is allowed today. 


Inclusion of the hooping effect, Chicago influence—A second method of column 
design was patterned after the Chicago ordinance and used in a number of 
municipal codes in the Middle West. Here the “‘action of hooping (could be) 
assumed to increase the resistance of the concrete equivalent to 21% times 
the amount of spiral hooping considered as vertical reinforcement.”’ Thus, 
the stress on the vertical steel could be figured as: 


f. = nfe (1 + 2.5 np’) 


Spiral columns, Consideré’s influence—A third general class consisted of 
those cities whose codes were based on Consideré’s formula and research 
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on spiral columns. Ultimate strength P in this case was 

P = A, (1.5C + pF, + 2.4qF,’) 
where C = ultimate strength of the concrete; F, = elastic limit of vertical 
steel; F,’ = elastic limit of spiral steel; and qg = ratio of the spiral reinforce- 
ment area to the concrete area. 

If in this case C = 2000 psi, F, = 40,000 psi, and F,’ = 60,000 psi the 
resulting formula compared closely with a formula suggested by ACI in 1915 
of 

f = 3000 (1 — p) + 40,000 p + 160,000 (1 — 10p) ¢ 

Working stresses for the Minneapolis Code which fell into this class were 
for slightly more than 2000 psi concrete: 

Jf = 1000 (1 — p) + 10,000 p + 38,400 ¢ 

Special ordinance for each design—Still another method, which was unique 
with the city of Buffalo, was to have no ordinances governing reinforced 
columns, or for that matter, the subject of reinforced concrete in general. 
Instead each building design was made the subject of a special ordinance, 
and had to be passed through the city council to obtain a building permit. 


Of the three principal design methods listed, there were numerous variations 
and in a series of comparative designs* using the various codes employed 
about the country for a 24-in. diameter spirally reinforced column carrying 
250 tons the number of vertical bars ranged from twelve 14%in. bars to 
55 bars of the same diameter, under the Atlanta Code, and three cities 
(Cleveland, Richmond, and Syracuse) required 31 bars or more. It is not 
altogether fair to judge various building codes on the strength of the design 
of a member with one set of dimensions and one condition of loading, but 
nevertheless such a wide spread of values is indicative of the lack of any 
consistent thought on the subject. 


Lessons of the Edison fire—There had been a continuous collecting of data 
of column tests over the preceding years and valuable results were obtained 
from ACI tests made in 1914, but perhaps the strongest catalyst to the 
standardization of ordinances on reinforced columns came when the accounts 
of the Edison fire were published in 1915. Columns used were without hoop- 
ing, for general practice at that time was the use of ties of wire or of small 
diameter rods spaced about a foot apart since, as many felt ‘cement (was) 
the cheapest reinforcement,” and as has been mentioned some ordinances 
placed a premium on this cheaper type of construction by allowing higher 
relative stresses in concrete of such columns than in spirally reinforced columns. 

Thus, it is not particularly surprising to find in the 1916 proposed regulations 
that the code had become much more explicit about column ties; it set limi- 
tations on composite columns, and fixed allowable stress limits on “rodded”’ 
(tied) columns and upon spirally reinforced columns. The proposed regu- 
lations still leaned quite heavily, comparatively speaking, in favor of the 
rodded column—or to put it another way, they tended to equalize the allow- 

*Furber, Pierce P., ‘Reinforced Concrete Columns,” ACI Proceedings, V. 12, 1916, p. 181. 
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able stresses in the two types of columns despite many papers which had 
come out in support of spiral reinforcing, and despite the relatively poor 
showing of tied columns in many instances, but they represented at least a 
step on the part of ACI in controlling column design. 


Bending moment and shear determinations in footings 
Also appearing for the first time in the code were methods by which bending 
moment and shear were to be determined in footings. 


By and large it may be said that the proposed revision of the old NACU 
code was not too unlike its predecessor, being brief and overly general in 
character. Work done by the Institute on flat-slab tests bore fruit the follow- 
ing year in a considerable enlargement of flat-slab provisions in the revisions 
of the 1917 regulations. Actually, enlargement is a gross understatement 
for previous to this the paragraph under flat slabs read: 

“Continuous flat-slab floors, reinforced with bands or rings of steel and supported 
on columns having flared heads may be constructed provided the architects or engi- 


neer when submitting plans for approval, submits sufficient data obtained from tests 
on similar floors to justify the proposed design.” 


REVISIONS CONTAINED IN THE 1917 REGULATIONS 
Introduction of flat slab regulations 


Some of the new provisions* in the 1917 revision were that slab thickness 

shall not be less than 
t=002LY¥w+1 

where w equals slab load per square foot and L equals average span, and the 
point of inflection shall be taken at a distance from centerline of columns 
equal to 1/5f (lz — qc) + 1/2qc. Where q equals the distance from center- 
line of the capital to the center of gravity of the periphery of the half capital 
divided by 1/2c, c equals column diameter, and 7, equals span in direction 
considered. Total vertical shear on a column head section was: 

y= a for slabs of uniform thickness 

bjd 

0.30W 
° bid 

Here b = one half the lateral dimension of the panel measured from center to center 


of columns, and W = the sum of the dead and live load on a panel. For punching shear, 
increase the values by 25 percent. 


for slabs with drop panels 


Moment coefficients for flat slabs 


The 1917 revision attempted specifying moment coefficients in the follow- 
ing manner: 


M (total) = 0.09 wl; (Le ~- qc)? 

where /,; = span parallel to direction considered; of this amount not less than 
40 percent was to be resisted in the column head (not less than 50 percent 
when a drop panel was used). Not less than 10 percent shall be resisted in 


*Other provisions will be presented later in a discussion by Arthur R. Lord in the 1917 ACI Proceedings. 
tFor slabs with drop panels, a coefficient of 44 was recommended. 





452 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1954 


the mid-section; not less than 18 percent in the outer sections (the two half- 
column strips); and not less than 12 percent in the inner section (mid-strip). 
These figures were increased 20 percent for the first row of interior columns 
and the positive moments at the center of the exterior panel on sections 
parallel to the wall. Negative moment at the wall was figured under conditions 
of restraint by not less than 50 percent of that of interior panels 


FINAL REPORT OF THE FIRST JOINT COMMITTEE, 1917 


The final report of the Joint Committee was published in 1917 eight years 
after its first publication. In one respect the report had not greatly changed 
in this time for it was still quite general in character. Much space was devoted 
to the explanation of the performance of reinforced concrete in conditions 
of shear or in diagonal tension. But generally speaking, the final report was 
excellent proof of the progress that had been made in this short time. Sec- 
tions on flat slabs, shear, and diagonal tension were considerably enlarged 
as well as the section on columns already mentioned. 


Vertical stirrups 

Spacing for vertical stirrups was set at d/2 while that of inclined members 
was recommended not to exceed 3/4d. Much was written about anchorage 
of web members as well as limitations on bent-up longitudinal members, and 
upon the use of combined longitudinal members and web reinforcement. 
A shearing stress of 0.045f.’ was allowed in beams with vertical stirrups and 
for beams with bent-up longitudinal members at an angle of between 20 and 
45 deg to the beam axis. For a combination of the two an allowable stress 
of 0.05 f.’ was given, while members without any means of web reinforcement 
were allowed 0.02f.’ as before. It was recommended that two-thirds of the 
total shear in a beam with diagonal tension reinforcement be calculated as 
being taken by the reinforcement. 


Flat slabs 

The section on flat slabs gave due recognition to the paper, published in 
1914, by John R. Nichols on slab analysis* giving the simplified formula for 
the total moment 

M = \ul (Il — %c)? 

In his analysis, which was the same as is used today, he took the statical 
moment of the forces of a quadrant of a square panel about the resultant of 
the supporting shear of the quarter circle of the column capital. There 
were numerous methods at that time for calculating flat slab moments and 
it might be worth noting the methods reported in ACI discussions on this - 
subject. 

Cantilever method—One common procedure was the cantilever method 
which pictured the slab about a column as an umbrella whose radius was the 
distance from the center of the column to the point of inflection, usually 


*Nichols, John R., “Statistical Limitations upon the Steel Requirement of Reinforced Concrete Flat Slab 
Floors,” ASCE Transactions, V. 77, 1914. 
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taken as between 0.4 and 0.51. The umbrella then had a uniform load cor- 
responding to the unit loading of the slab and a concentrated load hung at 
its periphery consisting of the remaining loads of the rest of the slab attributed 
to the column. Maximum moment was then calculated at the column head, 
and a necessary depth of section found. Stresses in the diagonals and straight 
spans were found by treating each strip as a beam. Another method similar 
to this was the consideration of the radius of this umbrella as the mean between 
the points of inflection and of the diagonal. 


Grashof method—The Grashof method made use of the stresses in a homo- 
geneous plate supported at rows of points making squares. The maximum 
stress in the concrete from this analysis was: 

15 Wa? 
Smaz = “ur 
Where W = load per sq in. 
T = thickness of the slab 
a = aside of the square 

Assuming that the neutral axis was at 7'/2 then M,,,, could be found from: 

( 
and d was then determined from d? = M/108b where 108 was approximately 
the value of K for an f. of 650. 

Another means was to utilize the formula derived by Grashof for the 
strength of end plates in steam boilers where 

Wl 

Turner approach—The approach used by C. A. P. Turner, which received 
support from many was of an analytical-experimental nature. His logic 
ran as follows: 


M wae = 


1. The weakest point of a slab could be determined by experimental methods. 

2. External moment must equal some coefficient times the total load, times the 
span, and the resisting moment must be made to equal this. 

3. Coefficients could be found in time from sufficient data. 


At that time Turner assumed a critical bending moment of W1/50 as being 
sufficient for design. 


AMERICAN CONCRETE INSTITUTE CODE AND THE FIRST JOINT 
COMMITTEE REPORT IN THE INTERVAL 1917-1925 


By 1917 the ACI Code and that of the Joint Committee were considerably 
different. The question of why this should be was answered in part by 
Arthur R. Lord in a discussion in the 1917 ACI Proceedings. 


“The first reason why we do not adopt the Joint Committee report as a whole is 
that we believe we have considered data which possibly the Joint Committee did 
not consider, which possibly did not come to its attention, and which, if it had con- 
sidered it, would have resulted in somewhat different rulings. A second reason is 
that we believe that the Joint Committee report is somewhat too rigid in the 
matter of distribution of the moment between positive and negative values. For 
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instance, in several other respects it does nct give an engineer an opportunity to use 

his best knowledge in the design of flat slab construction. In the third place, it contains 

a large number of arbitrary rules. The (Institute) committee feels that in so far as 

can be avoided, it should not put arbitrary rules on any type of design, because those 

rules even though adopted with thought at the time, are rarely considered in their 
connection with other arbitrary rules or with the principal requirements of the ordi- 
nance; the result being, as has been the case in the Joint Committee report, 
that some of these arbitrary rules work out te the detriment of the design rather than 

to the advantage of it.” 

Lord went on to express the Institute’s feelings about specific provisions 
in the Joint Committee report, condemning its flat slab moments as con- 
servative to the point of placing an effective factor of safety of six on this 
type of construction. In regard to the total moment in flat slab construction, 
the Institute’s use of 0.09 wl, (lz — qc)? instead of 0.107 times that same 
figure by the Joint Committee is defended on the grounds that it had proved 
successful under the Chicago flat-slab ruling* from which this figure had 
been taken. He also noted that it was the most conservative coefficient 
used in any city of the United States. As to the proportioning of positive 
and negative moment in a flat slab, Lord criticised the Joint Committee’s 
recommendation placing limiting percentages of this total moment on the 
negative moments (621% percent) and on the positive moments (37/4 percent) 
for the Institute had found in numerous cases, especially in slabs without 
drop panels, that positive moment was as high, if not higher, than negative 
moment. 

Also criticised was the Joint Committee’s ratio of steel areas in four-way 
flat-slab design between direct bands (those running between the columns) 
and the diagonal bands. In this case the Institute preferred to leave this 
proportioning to the discretion of the designer. 

Again in regard to flat slabs, the Institute could see no reason for adding 
a formula for slab thickness when no drop panels were used, since they had 
already effectively imposed four limitations on slab thickness. f 


The Institute’s use of 0.9 times the long side of rectangular panels in de- 
termining slab thickness was defended on the grounds of its flexibility, against 
a similar provision in the Joint Committee code. 


The Institute could also find no reason for limiting the thickness of the 
drop panel to one-half the slab thickness. It defended its column moment 
when flat slabs were used [0.022 w,l; (le — qc)*] as being quite conservative 
compared with results found in some Institute tests,{ and it felt that it should 
continue to allow 50 percent of the bars in bond to be “short lapped’’ over 
a capital until sufficient reason should be found to discard a practice which 
had proved highly successful. And lastly, the Institute felt that it should 
allow an increase in compressive stress adjacent to column capitals on the 
basis that this same increase is allowed to continuous girders adjacent to their 

*Coefficient for a two-way slab = 0.093 and for a four-way slab = 0.087. 


t(a) t > 1/32 floor span, (b) moment requirements at support, (c) diagonal tension requirement, and (d) punching 
shear requirement. 


{For a 19 x 20 ft panel, LZ = 19.5 ft while for an 18 x 20 ft panel, L was taken as 20 ft. 
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supports, for there is less lateral restraint in continuous girders than in a 
flat slab. 

The war years (World War I) diverted enough members from the Com- 
mittee on Reinforced Concrete and Building Laws to bring progress on the 
proposed regulations to a halt, but early in 1919 the subsequent revisions 
which had accumulated persuaded the committee to make an analysis of the 
regulations comparing them with the Joint Committee recommendations. 
It was felt that there were several sections in the recommendations of the 
latter which were as good if not better than those of the Institute and thus 
there appeared in the 1919 proposal several substitutions from the Joint 
Committee specifications. 

Provisions for negative moment at ends of continuous spans 

One of the new additions to the regulations was to allow wi?/16 for the 
negative moment at the ends of continuous beams, increasing this to wl?/12 
depending upon the fixity. (This had appeared earlier in the 1917 final report 
of the Joint Committee.) 

Provisions for shear 
Other additions included: 
Area of web reinforcement 


— Vs 


73 fe jd 


Also added was an extensive paragraph on the limitations of web reinforcement; 
diameter to be not less than 1/50 the distance between points of anchorage; spacing of 
web members not greater than 34 d (as before) nor greater than twice the thickness 
of the web; restrictions were placed on the anchorage of bent up longitudinal steel; 
and web members were limited to an angle of not less than 30 deg to the (longitudinal) 
axis of the beam. 

The year 1920 saw the final adoption of the proposed regulations with 
the development of the section on shear. Previously the only specific regu- 
lation as far as shear was concerned was in regard to its allowable stress and 
the new provisions, just mentioned, on diagonal tension in 1919. Added now 
to the ACI Code were the following provisions on shear. 

1. Members with web reinforcement—With adequate anchorage 

v. = 0.025 f.’ 

and for the remaining stress in the reinforcement 
V'a 
frid 

The maximum allowable stress in any case being not greater than 0.12 f.’. If adequate 
anchorage were not used then », = 0.02 f.’ with the maximum not to exceed 0.06 f,’. 

2. Members with longitudinal reinforcement—If the steel were fully anchored the 
unit shearing stress was not to exceed 0.03 f.’, if not fully anchored v = 0.02 f,’, and if 
web reinforcement consisted of bent-up longitudinal bars then the maximum allowable 
shearing stress was to be 0.06 f-’. 

3. Critical shear sections—Beams: 4d from support; flat slabs: along a 45 deg 
extension into the slab of the column capital (here Vinaz = 0.035 f.’) and at the edge of 
drop panel (Vmaz = 0.03 f.’); and footings: 45 deg cone or pyramid having as its 
upper base the column or support. 
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Spacing of web reinforcement was limited to d/2 for any members inclined 
less than 30 deg to the vertical or when V > 0.06f.’, and to d/3 for members 
inclined more than 30 deg to the vertical. 


Bond and anchorage 
Some attempt to provide for bond and anchorage also appeared in the 
1920 code. Positive reinforcement was: 
(a) to be within at least 1 in. of the center of the supports, 
(b) to have at least 12 in. of embedment in the case of wide beams, 
(c) to be bent at the support with a hook of diameter at least eight bar diameters, or 
(d) allowed to use any device that (would) transmit the tension in the bar to the concrete 
over the support at a compressive stress of not over 0.50 f.’. Tensile stress in the 
bar at the point of inflection was to be considered not less than one-third maximum 
safe tension in the bar. Instructions were also given on securing web reinforcement 
by continuity and hooks. 


Report of the second Joint Committee, 1922 

Despite the attitude of the Institute toward the Joint Committee Code 
as expressed by Mr. Lord there was still a feeling that there should be more 
complete standardization of the two codes. Thus, between 1920 and 1925 
pronounced changes were incorporated in the ACI Code. 


Move to draft specifications for use by the building industry—In 1922 there 
appeared a report of the Second Joint Committee. The 1916 report had 
been only a basis for specifications and following that year the Committee 
on Reinforced Concrete of ASTM had called together committees from the 
five member societies to draft a specification which could be used by the 
building industry. The committees met in February, 1920, and by June, 
1921, tentative specifications were issued to various subcommittees working 
on the report. 


Introduction of procedures for insuring concrete design strength—By far the 
biggest controversy that arose was not in regard to design but rather in the 
Joint Committee’s attempt to set up some kind of a regulation to insure 
concrete design strengths. It suggested three procedures for obtaining the 
strengths upon which a building design would be based. 


One was that the designer specify both the proportions in which the concrete would 
be mixed and the strength which the concrete was to have. This was criticized because 
of lack of confidence in the use of water-cement ratios and sieve analyses alone as a 
guarantee of strengths. 


A second method was to let the contractor fix the proportions and guarantee that the 
concrete would have the required strength at 28 days. This received considerable 
criticism on the grounds that the engineer should be responsible for this function, 
and that field tests to see if the contractor had met his obligations would impose an 
unnecessary economic burden on the building industry. Also, field tests did not have 
the confidence of a number of Institute members in giving comparable information to 
the results of tests made in the laboratory. 


A third method, rather innocuous, was that the designer merely specify the pro- 
portions to be used. Probably the most interesting information to be gained from these 
discussions on “design-mix control” (7.e., sieve analysis, water-cement ratio, etc.) was the 
cautious manner in which many approached these comparatively new methods. 
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Evaluation of the 1922 report—What also seemed to irk many of the members 
was the rather inelastic character of the specifications as was expressed by 
the Boston ACI Chapter. 

(‘We prefer the) best thought on fundamental principles, (rather than) standard 
specifications which would imply a document which could be incorporated and by its 
implication be weakened in its ratification (We prefer) a definition of the result 
that should be obtained in the light of present concrete knowledge with no details 
of the methods to obtain these results.”’ 

Also the Boston Chapter felt that a specification of this rigid nature would 
tend to discourage the initiative of the designer to try new methods and 
thus tend to stifle the industry. 

A strong reaction was also expressed about the overly conservative nature 
of these specifications, and numerous designs under varying conditions were 
made comparing the resulting costs with those of the New York City Code 
of that time. Results leaned heavily in the direction of the latter to such a 
degree that it was felt that the specifications, because of their penalizing 
nature, would not be received as a standard. 

Generally speaking, the most audible voices in the discussions came from 
those on the side of the general contractor who had gained confidence in build- 
ing methods to that date and did not wish to have their work materially 
increased by what seemed to them unnecessarily restrictive code regulations. 
As a result of these discussions, field tests were made under the auspices of 
the Joint Committee at the Victor Talking Machine Co. building in Camden, 
N. J., and during the construction of the Newark Bay Bridge. Present at 
these tests were representatives of the American General Contractors Assn. 

Results of all tests did not appear in time to influence the final Joint Com- 
mittee report in 1925 to any great extent, but the results thus far obtained 
were considered to be a substantial justification of the Joint Committee’s 
recommendations. It was also noted that another series of tests was to be 
inaugurated under the auspices of the Committee on Concrete Reinforcement 
of ASTM to obtain data as a basis for specifications for reinforcement. 


FINAL REPORT OF THE SECOND JOINT COMMITTEE, 1925 


From 1921 when the tentative specifications were submitted, until the 
final report in 1925, the specifications were subjected to some modifications 
arising from criticisms, discussions, and test data which had become available 
during that period. 


Consideration of continuity extended 

The final Joint Committee report showed a considerable change from 
1916 report, which had almost the appearance of a textbook with its rather 
descriptive paragraphs. The 1925 report is the first code which has any 
resemblance in form or in content to the code in use today. Greatly expanded, 
much more specific than its predecessors, much of it remains unchanged 
today and nearly its entire form was soon to become incorporated into the 
ACI Code. Design moments were expanded to cover more conditions of re- 





458 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1954 


straint; for the first time a positive moment of wil?/16 was allowed for con- 
tinuous beams of nearly equal span. Some attempt was made to take into 
account the beam-to-column stiffness ratio at end spans. If J/l of the beam 
was less than twice the sum of the values of //h of the exterior columns im- 
mediately above and below the beam, the positive moment of the exterior 
span and the negative moments at each end of this span were to be taken as 
wl?/12 and, if the stiffness ratio were greater, the positive moment and the 
negative moment at the first interior support were to be wi?/10 while the 
exterior negative moment was to be taken as wil?/16. 


Diagonal tension and shear 
In the paragraph on diagonal tension and shear the Joint Committee was 
obliged to start almost at the beginning. Compared to the previous ACI 
codes, these Joint Committee provisions made a greater attempt at more 
specific regulations for web spacing, computation of web reinforcement, and 
embedding of bars to develop sufficient bond. Taking these in order: 
Spacing, s = = for v < 0.06 f.’; forv > 0.06 f.’, s shall not be greater than 
a+ 10 


two-thirds the distance given by this formula (a = the angle, in degrees, between the 
web reinforcement and the axis of the beam). 
When no special anchorage is provided: for a between 45 and 90 deg 


v A, 
v = 0.02 f.’ + pte 


bs sin @ 
When a is less than 45 deg 
v A, . 
v = 0.02 f.’ + f (sin a + cos a) 
8 


But in no case is v to exceed 0.06 f,’. 
Web reinforcement 
Treatment of web reinforcement with longitudinal bars was the same as 
in the 1920 Institute Code with an addition covering the case where all the 
bars would be bent up at one point at a required distance of s (determined 
by the spacing formula, just discussed, from the support, where 


7A, 


% = (sin a + cos a) 
bs 
and not to exceed 75 psi. 

Also noteworthy is the fact that for uniformly loaded beams not less than 
one-fourth the shearing resistance required at either end of the span was 
to be provided where the shear stress was computed to be zero. 

For the shearing stress in flat slabs: 

v = 0.02 f.’ (1 + r) and not greater than 0.03 f,’. 
Where r = the ratio of negative reinforcement crossing entirely over the column 


capital or drop panel, to the total negative reinforcement in two column strips. 
Critical shear sections for flat slabs were: 


at t, — 1) in. from the edge of the column on a section with a depth of % (t,; — 1%) 
in.,* and at tg — 114 in. from the edge of the drop panel with a depth of section equal to 


% (te — 114) in.t 


*The same as the present codé except for the coefficient 7/8. 
+The same as the present code except for the coefficient 7/8. 
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Bond and anchorage 

The section on bond and anchorage grew tremendously under the 1925 
Joint Committee Code. In 1916 it had done little more than state the fact 
that “adequate bond strength should be provided” and that an “additional 
length of bar should be provided beyond that found on the assumption of 
a uniform bond stress.’’ Institute codes had set up allowable bond stresses 
and had mentioned the length of embedment into supports, but for the most 
part they had been concerned with special anchorage considerations alone. 

Under the Joint Committee Code the total tensile stresses at an abrupt 
change of stress or at a point of maximum stress was given by: 

F = Qu Z.y + 2.x 
Where: zx = length of bar added for anchorage, including the hook if any, 
y = distance from the point at which the tension is computed to the point 
of beginning of anchorage, and 
Q = ratio of the average to the maximum bond stress computed within the 
distance y. 

In continuous or restrained beams, length of embedment beyond the face 
of support was to be equal to at least the depth of the beam, one-third of the 
negative reinforcement was to be carried beyond the point of inflection, and 
one-third of the positive reinforcement was to be carried beyond the face of 
the support to develop one-third of the maximum working stress in tension. 
This was to be the case also with simple beams carrying one-half of the tensile 
reinforcement into the support with an embedment of at least ten bar diam- 
eters for one-quarter of the bars. 


Flat slabs 
The section on flat slabs was influenced to a considerable degree by work 
of Westergaard and Slater.* The 1916 Joint Committee Report noted 
Nichols’ vaiue of M, = 1/8 WI (1 — 2c¢/3l)?, but recommended that for 
positive bending a value of 
m1 _ =) 
25 3l 


should be used, at least 25 percent of which to be provided for in the mid- 
strip and between 55 percent and 60 percent (the latter if drop panels were 
used) to be provided in the two outer sections, or column strips. The negative 
moment was to be taken as 1/15 WI (1 — 2c/3l)? and of this 20 percent to the 
mid-section and between 65 percent and 80 percent for the column sections. 
This placed the actual coefficient at about 0.1067—a figure which allowed 
for the tensile strength in the concrete not previously taken into account 
and consideration was given to local effects which would be less in a broad 
structure such as a flat slab. 

The report of Westergaard and Slater favored a still further reduction to 
0.09 WI (1 — 2c/3l)? based on test data which they had considered. This 
also agreed with a similar figure which had been in the ACI Code since 1916. 
Their work was divided into three parts in this investigation. 


*Westergaard, H. M., and Slater, W. A., ‘“‘Moments and Stresses in Slabs,"” ACI Proceedings, V. 17, 1921, p. 415. 
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1. There was the mathematical analysis of moments and stresses in slabs by Dr. 
Westergaard which was a review of major analytical work on homogeneous plates 
from as early as the 1700’s. Comparisons were made, where possible, with similar 
analyses by men like Nadai and Hencky and it was found, on the whole, that 
calculations were consistent. 


2. Part of the investigation was performed by Professor Slater in which a study 
was made of the relation between observed and computed steel stresses in reinforced 
concrete beams for assisting in the interpretation of the slab tests. 


3. A study was made by both men of the results of some 29 different series of tests 

on flat slabs that had been made between 1910 and 1920, with a view toward comparing 

moments of observed steel stresses with bending moments indicated by analysis, and 

estimating the factor of safety. ‘Concerning the latter, a factor of safety of 3.23 was 
found as an average value of the previous Joint Committee recommendations, 2.72 for 
the 1920 ACI Code, and 2.25 for the recommendations of Westergaard and Slater. 

One influence the work of these men had on the Joint Committee specifi- 
cations was to lower the coefficient of the total moment by showing in their 
comparative data that there must be a redistribution of internal moment; 
this lower coefficient, thus, could be considered entirely safe. As for the 
distribution of the total moment among various sections of the slab, positive 
and negative moment coefficients were given roughly in the order of 1:2, 
while the recommendation of the 1916 report had proportioned them as 
3:5. These new coefficients were based upon Dr. Westergaard’s complex 
mathematical analysis and the results of test data, simplified sufficiently 
that they might be put into code use. 


Other provisions in the flat slab section called for: 


The total thickness t, of the drop panel, or of the slab if a drop panel was not used, 
was to be no less than 


c l; 
t; = 0.0388 | 1 — 1.44— } 1 Rw’ — 1% 
1 ( :) \ Ww bi + /2 


Where R = the ratio of negative moment in the two column strips to the total 
moment, and b; = dimension of the drop panel in the direction parallel to 1;. (It was not 
stated what this value should be when no drop panel was to be used.) The drop panel 
was to have a length or diameter of not less than the panel length. 


Compression due to the (specified) negative moment in the two column strips was 


to be: 
3.5RM, 
= ————— (1 se 124) 
0.67 Y pn b,d? l 


and that due to positive bending in the column strips, or negative or positive moments 
in the mid-strip: 
- 6RM, 
* 0.679 pn @ 
where RM, = the total moment times the particular moment coefficient recommended 
by the Joint Committee. 


Columns 
Provisions made by the Joint Committee on columns did not present 


many changes over what existed already in the various other codes. Per- 
missible stress in the concrete to be used in the axial load formula was set 
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at 300 + (0.104p) f.’ for spirally reinforced columns while this same stress 
was limited to 0.20 f.’ for tied columns. Values of p could range between 
0.01 and 0.06 for spirally reinforced columns, and between 0.005 and 0.02 
for the calculations in the code. Lateral ties were not to be less than 14 in. 
in diameter nor spaced more than 8 in. apart. The Joint Committee’s treat- 
ment of composite columns was the same as that of the previous Institute 
codes, namely: 
Unit compressive stress in the metal section: 
f- = 18,000 — 70 h/R for steel and not to exceed 16,000 psi. 
fe = 12,000 — 60 A/R for cast iron and not to exceed 10,000 psi. 
Where h = unsupported length of column and R = least radius of gyration of the steel 
or cast-iron section. A unit stress of 0.25 f.’ was allowed on the concrete within the 
spiral core of a composite column. 
Introduced by the Joint Committee Code was the modifying factor for 
long columns (h/R greater than 40): 
se sek SiR at ete 
r 120 R 
Where P’ = total safe load on a long column and P = total safe load on a column 
of the same section whose h/R ratio is less than 40. 
Footings 
In its consideration of footings, the Joint Committee enlarged greatly on 
previous regulations on this subject. The critical bending sections were 
given and a bending formula of 


ns = (a + 1.2c) ¢? 


Where: M = bending moment at critical section of footing; 
= width of face of column or pedestal; 
c projection of footing from face of column; and 
w = upward reaction per unit of area of base of footing. 

A uniform distribution of the reinforcement across the footing was to be 
used unless the width of the sides of the footing exceeded twice the effective 
depth. In that case the total reinforcement was to be distributed over an 
area including one-half the extra width. 


Retaining walls 


Also included in the 1925 Code was a section on retaining walls which was 
mostly definitive and descriptive in character. Working stresses allowed by 
the Joint Committee were similar to those allowed by the Institute except 
for fiber stresses which ranged from 0.40 f.’ to 0.45 f.’ for continuous beams 
adjacent to supports, versus 0.375 to 0.41 f.’ of the Institute (these same 
values ranged from 0.325 to approximately 0.375 f.’ in the Joint Committee 
Report of 1916). 


Evaluation of the 1925 Report 


With publication of the final report of the Second Joint Committee came 
a series of heated discussions from members of the Institute. Much of the 
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feeling of the members could be summed up in a statement made by Hardy 
Cross* that: 

a great deal of the Joint Committee Code is (was) not warranted by any 
published data or by any clear analysis that has (had been) published. The old Joint 
Committee Report was conservative in some respects but in (its) breadth of view it 
was a remarkable document as compared to the present report. 

“Tt was less mandatory less directory (it) showed few hoof prints of hobby 
horses in the concrete floor The Joint Committee vacillates between vagueness 
in essentials and specifies how to handle irregular beams, columns, and slabs.” 
General criticisms of the report, other than the fact that it was insupportably 
mandatory in a good many respects, included the following: 


Working stresses allowed to spiral columns were too low, determination of the slab 
thickness for flat slabs was unnecessarily long and complicated, and the web spacing 
limitation seemed quite arbitrary. 


PRELIMINARY DRAFT OF ACI REGULATIONS, 1925 


A preliminary draft of the new Institute regulations came out that same 
year. It was quite similar to the Joint Committee specifications but the 
wording was changed in a good many instances to put it in “building code 
language.” 

Water-cement ratio introduced 


Quite notable was the fact that the quality of the concrete was based 
on a water-cement ratio allowing a wide latitude in aggregate proportions. 


Comparison of ACI Code and Second Joint Committee Report, 1925 

Differences in the design section between the two codes were not many. 
Spacing of web reinforcement was to be determined by s = 45d/a. Allow- 
able shear in flat slabs a distance t; — 114 from the edge of the column capital 
was not to exceed 
area of negative reinforcement directly above capital ) 


area of negative reinforcement in width of two column strips 





0.02 f.’ (1 + 


The ratio of length to width of flat slabs allowable to render the moment 
coefficients usable was 1.4, and moments in interior columns in flat slab 
construction were to be assumed as wil?/40 for cases of ordinary loading. 


EVOLUTION OF STANDARD BUILDING CODE REGULATIONS 
FOR REINFORCED CONCRETE 

The Committee on Design and Specifications produced a report in 1928 
which was the result of the combined efforts of that group and the Committee 
on Engineering Practice of the Concrete Reinforcing Steel Institute. 

At that time there were two codes before the public which were suitable 
for incorporation into city building codes; that of ACI (1925) and one by 
CRSI. The two were in complete agreement on essential principles of rein- 
forced concrete design but were somewhat at variance on many less important 
items and entirely different in form. Thus, the two committees entered into 


*Cross, Hardy, Discussion of ‘Standard Specifications for Concrete and Reinforced Concrete,” ACI Proceedings, 
V. 21, 1925, pp. 466-467. 
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negotiations to unite on a common standard. The result was a new “Standard 

Building Regulations for Reinforced Concrete.””’ The most important change 

was in the method of presentation; the text on shear, bond, and flat slabs 

was greatly simplified and clarified. Some notable changes were: 

Discrimination against rail-steel reinforcement was removed; unit stress (tensile) in 

intermediate-grade billet steel was increased from 18,000 to 20,000 psi while the 
allowable stress in all web reinforcement was decreased to 16,000 psi; and allowable 
shear stress for special anchorage was decreased from 0.12 f,’ to 0.09 f.’ with the pro- 
vision that beams and girders might have a stress of 0.12 f.’ when clearly indicated on 
the working drawings and when the designer would supervise the construction of 
such members. 


Flexural computations and moment coefficients 


Changes made in the section on flexural computation and moment co- 
efficients were: 
An allowable negative moment in end spans of not less than wl?/24; compression 
steel in girders, beams, or slabs was to be anchored by ties or stirrups (not less than 
Y in. in diameter) and spaced not more than 8-in. apart in the compression steel area; 
and the section on shrinkage and temperature reinforcement was modified and expanded 
to read the same as it does today. 


Shear 


Introduced into the section on shear were the following regulations: 


A = area of stiri p 
v c u 


Vy’ 
A, for bent up bars in a single plane = —————— 
16,000 sin a 


Where V’ = the excess in total shear over that permitted in the concrete. 


Flat slabs 


In the section on flat slabs the length of drop panel was increased to 0.35 
the span length; a requirement was introduced that at the wall or discontinuous 
edge the negative moment was to be taken as not less than 90 percent and 
in the mid-strip not less than 62.5 percent of the corresponding moments for 
an interior panel. 


Columns 


The section on columns was made more liberal, allowing a concrete stress 
of 0.225 f.’ as compared to a value of 0.20 f.’ in both the ACI and Joint Com- 
mittee Codes of 1925 for columns with lateral ties. Allowable combined 
unit stress in bending for spiral columns was increased by 0.15 f.’. A new 
formula was given for steel and concrete composite columns of: 

18,000 
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while the allowable stress on a cast iron section of a composite column was 
limited to 9000 psi as compared to 10,000 psi in 1925. 

A reduction formula was included in this section for columns with h/R 
greater than 50: 


Design and cost data for the Standard Building Code 

Also appearing in 1928 was a commendable paper by Lord* in which over 
100 pages of the ACI Proceedings for that year were devoted to a set of design 
tables and diagrams for use with the code. The tables and diagrams also 
introduced simplifications in the design of doubly-reinforced beams and in 
the spacing of stirrups. Comparative cost studies were made of common 
types of structures using 2000 psi concrete (used almost universally at that 
time) and concretes of greater ultimate strengths; it was found that final 
cost could be reduced considerably utilizing higher quality concrete. 

Lord also made comparisons between the ACI Code and that. of the Joint 
Committee of 1925 but found, in all but a few instances, that differences . 
accrued only in the manner of presentation. In comparing current city 
codes he felt that some differences had arisen from a feeling that the quality 
of concrete in various localities necessarily varied, but that with a better 
knowledge of concrete proportioning this was no longer the case. Other 
differences in city codes were attributed to the political ascendency of some 
business interests and represented merely variations in the factor of safety 
required in different members. Lord went on to cite cases in which 2000 
psi concrete was limited to 650 psi in one locality while but a few miles away 
the same concrete would be allowed 1200 psi. 


A look at some of the research in progress in 1928 shows that tests were 
being made to establish the modulus of elasticity and Poisson’s ratio for various 
concretes, and studies on frames and the distribution of shearing stresses in 
concrete slabs under concentrated loads were also being conducted. 


THE 1936 REGULATIONS (ACI 501-36) 


There were no further changes in the ACI Code until the 1936 regulations. 
The new code followed the form of its predecessor with a few important changes. 


Provisions for unit stresses in wire mesh 

Allowable unit stress in wire mesh or other steel reinforcement, not ex- 
ceeding 4 in. in diameter, when used in one-way slabs, was increased from 
20,000 to 30,000 psi. This change was the result of tests by T. D. Mylrea 
in which he reported that cold-drawn wire, having no definite yield point, 
could be expected to develop its full ultimate strength in a reinforced con- 
crete slab; thus 50 percent of the elastic limit seemed quite justifiable as a 
working stress. 


a a R., “Design and Cost Data for the 1928 Joint Standard Building Code,” ACI Proceedings, V. 24, 
+» Pp. é 
tLater superseded by ACI 318-41. 
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Flexural members spanning in one direction 

A change was made in the requirements for flexural computations for 
structural members spanning in one direction, utilizing the principles of 
continuity which had come into general acceptance since the issuance of the 
previous code. In this respect, the committee had studied the question of 
using definite moment coefficients in the design of flexural members sub- 
jected to various conditions of restraint. Efforts were made to formulate 
rules which would conform to the progress in the understanding of continuous 
frames, but still be in such form as to be usable by the structural engineer. 
In the end no coefficients were included in the code but modifications were 
made on permissible bending moments. 


Two-way slabs supported on four sides 

A complete revision was made of the requirements in the design of two-way 
slabs supported on four sides. 

A number of papers had been written on this subject including two important 
ones: (1) “Formulas for the Design of Rectangular Floor Slabs and the 
Supporting Girders,’”’ by Dr. Westergaard, (2) “Design of Reinforced Con- 
crete Slabs,’”’ by J. A. Wise, plus earlier groundwork done at the turn of the 
century by the German, C. Bach. But the form that computations took in 
the 1936 ACI Code followed almost directly the paper published that same 
year by J. Di Stasio and R. P. Van Buren, and represented generally the 
provisions recently added to the New York City Code. These were in close 
agreement with those of Dr. Westergaard and Professor Wise and were 
considerably more liberal than the previous provisions covered by ACI on 
this subject. 


To this section was added a complete set of design equations with the note 
that an “exact theoretical solution of the problem of stresses in a series of 
adjacent unequal rectangular panels (had not yet) come to the attention of 
the committee, the approximate solution embodied in this section 
(was) believed to be conservative, but the best available.” 


Influence of column tests at Lehigh and Illinois Universities 

Changes were also made in the design requirements for columns based 
upon the extensive series of tests sponsored by the Institute at Lehigh Uni- 
versity and the University of Illinois. The ratio of the volume of spiral 
reinforcement to the volume of the concrete core p’ was now limited by: 


f.’ 
p’ = 0.45 (R — 1) 
fs 
Not to exceed 0.0112 for hot-rolled spirals of intermediate grade and 0.0075 for 
cold-drawn wire spirals. 


Where R = ratio of gross area to core area of the column and f,’ = useful limit stress 
of spiral reinforcement. 
The permissible load (axial) on a spirally reinforced column was to be 
determined by: 
P = A, (0.22 f.’ + fa Pg) 
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Where A, = gross area of column, f, = nominal working stress in vertical rein- 
forcement, and p, = ratio of vertical reinforcement to gross area, A4. 
with 70 percent of this value allowed for the permissible axial load on tied 
columns. 


The load on composite columns was changed considerably, and a formula 
for combination columns was added. 
The long column reduction formula was changed to: 
Pp’ 
P 
and was to be used wherever the length exceeded the least dimension by a 
factor of ten. 


h 
= 1.3 — 0.03 — 
d 


By far the most important change in the column section came in the use 
of the gross area (vs the core area) of the spiral column in computing the 
allowable load. Thus a change was made which had been called for by a 
great many members for almost 25 years. 


Flat slabs 

The section for flat slabs was expanded to include moment coefficients for 
exterior panels and for panels with marginal beams or reinforced bearing 
walls. A tabulation was also made of required lengths of bars and points 
of bending in two-way and four-way slabs. 


BUILDING CODE REQUIREMENTS FOR REINFORCED CONCRETE (ACI 318-41)* 


One change was that notations applying to any particular chapter were 
placed at the head of that chapter instead of placing notations for the entire 
code in Chapter 1. 

Chapter 3, “Concrete Quality and Working Stresses,’ was revised con- 
siderably to make it conform to the most recent developments in practice in 
1941. Another important change was made relating to tie size of reinforce- 
ment for, and the permissible span of, one-way slabs. 


Chapter 12, “Footings,’’ had been generally revised and rewritten to con- 
form to practice then in vogue for the design of isolated square and rectangular 
footings. 


Changes in allowable bending moments in continuous members—The ACI 
Building Regulations for 1941 introduced important changes, once more, in 
allowable bending moments in continuous members. The moment for the 
first interior support for two spans of 10 ft or less was changed from wi?/8 to 
wl?/9. For two spans with lengths greater than 10 ft the moment was changed 
from wil?/10 to wl?/12. Negative moment at the face of all other interior 
supports was changed from wl?/12 to wl?/11 and the positive moments at 
center span for end and interior spans were changed from wl?/10 and wl?/12 
to wil?/14 and wi?/16, respectively. Also, shear in end members at the first 
interior support was decreased from 1.20 wl/2 to 1.15 wl/2. 

*Formerly ACI 501-36. 
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Increase in allowable fiber stress—Allowable concrete fiber stress was in- 
creased from 0.40 f.’ to 0.45 f.’, and an increase in the allowable compressive 
stress in columns was changed once more to 0.225 f.’. 

Flat slabs—This section was revised to take into account continuity; how- 
ever, moment coefficients were used. Tabulations for floors with support on 
four sides made by Di Stasio and Van Buren were included in the 1941 Code 
for the first time. Also the formulas for shear in beams and slabs in the 
new code were much more complex. 

Tied columns—Once more a permissible axial load of 80 percent of that 
allowed for spiral columns was included, and the formula for the allowable 
concrete fiber stress of columns subjected to combined axial and bending 
stress was changed to its present-day form. 


FINAL REPORT OF THE THIRD JOINT COMMITTEE, 1940 


The Third Joint Committee on Recommended Practice made its report 
in 1940 after 10 years of work. Included in the membership of the Joint 
Committee for the first time was the American Institute of Architects. Major 
changes in the new code included acceptance of Westergaard’s coefficients 
rather than those of Di Stasio and Van Buren, for slabs supported on four 
sides, with a few modifications and the addition of some coefficients to cover 
cases not covered by Dr. Westergaard. 

In this same section the 1940 Joint Committee report recognized the need 
for corner reinforcement. It also modified the slab thickness formula by: 


 /280 
fe’ 


otherwise it was the same in this respect as the ACI Code. 

Generally speaking, the codes were pretty much the same. Determination 
of shear by the 1940 Joint Committee was handled differently and much more 
simply than by ACI Code of 1941, and the Joint Committee introduced a 
bond formula for the special case of wedge-shaped beams. For transfer of 
stress at the base of a column in the section on footings, the Joint Committee 


supplied the formula: 
A= (aas-) A’ 
0.25 f.’ 


Where f, = the allowable working stress on the concrete in the column; 
A’ = the area of the column; and 
A = the required area to be provided at the top of the footing or pedestal, in 
addition to the transference made by the dowels. 


While ACI preferred to handle the problem by: 
f = 0.25 f. 
Where f = the allowable compressive unit stress on the gross area of a concentrically 
loaded pedestal. 
In the section on flat slabs, the Joint Committee did not have as extensive 
a tabulation and differences existed between moment coefficients at dis- 
continuous edges with negligible restraint. 
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BUILDING CODE REQUIREMENTS FOR REINFORCED CONCRETE (ACI 318-47) 


The 1947 ACI Code, with minor exceptions, remained the same as ACI 
318-41. 

References to diagonal band, direct band, middle strip, and paneled ceiling 
were dropped from the definitions. 

Tests by the commissioner of buildings on concrete during progress of 
the work were made optional instead of mandatory as they were in the 1941 
Code. In fact the entire section on ‘“‘Tests on Concrete” was revised. 

Table 305(a), “Allowable Unit Stresses in Concrete,” introduced a few 
changes. An allowable unit tensile stress of 0.03 f.’ in plain concrete footings 
was added. Also, the unit allowable bond stress for plain bars (hooked) 
was designated as 0.06 f.’ (not to exceed 200 psi) and for deformed bars 
(hooked) as 0.075 f.’ (not to exceed 250 psi). The footnote in the 1941 Code 
permitting 114 times the unit bond values where special anchorage is provided, 
was dropped. 

A major change in the treatment of floors with supports on four sides re- 
sulted in the addition of the Westergaard coefficients as an alternate to the 
tables previously supplied by Di Stasio and Van Buren. 


Other explicit changes contained provisions on spiral reinforcement and 
spacer bars; on the computation of moments in columns; and the allowable 
steel ratio for tied columns in bending was increased from 0.04 to 0.08 in the 
1947 Code. 


BUILDING CODE REQUIREMENTS FOR REINFORCED CONCRETE (ACI 318-51) 


The principal significant change in the 1951 Code, which is in use today, 
involved introduction of the new type of deformed reinforcement—« rein- 
forcing bar conforming to the “Standard Specifications for Minimum Require- 
ments for the Deformations of Deformed Steel Bars for Concrete Reinforce- 
ment” (ASTM Designation A 305). Bars not conforming to these specifi- 
cations were classed as plain bars. Also, the 1951 Code states that wire 
mesh with welded intersections not farther apart than 6 in. in the direction 
of the principal reinforcement and with cross wires not smaller than No. 10 
W & M gage could be rated as a deformed bar. 


The revised “minimum clear distance parallel bars, except in columns, 
shall be equal to the nominal diameter of the bars” replaces the 1947 Code 
requirement of 114 diameters for round bars and twice the side dimension 
of square bars. 


Positive reinforcement shall extend along the same face of the beam into 
the support a distance of 6 in. instead of ten or more bar diameters required 
in the 1947 Code. 

The 1951 Code states that at least one-third of the required positive rein- 
forcement, instead of one-half (1947 Code), shall extend along the same face 
of the beam into the support a distance of 6 in. in simple beams, or at the 
freely supported end of continuous beams. 
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The 1947 Code section on “Special Anchorage Requirements”’ was replaced 
in the 1951 Code by a section on ‘‘Plain Bars in Tension” which reads: ‘Plain 
bars in tension shall terminate in standard hooks except that hooks shall 
not be required on the positive reinforcement at interior supports of continuous 
members.” 


By the introduction of deformed bars for concrete reinforcement meeting 
ASTM Designation A 305, the follewing changes resulted in the 1951 Code 
for certain allowable unit stresses in concrete: 

(a) special anchorage of longitudinal steel was not stipulated as a part of Table 305(a); 

(b) shear v, was designated as 0.03 f.’ for beams with no web reinforcement; 

(c) shear v was designated as 0.12 f.’ for beams with properly designed web rein- 
forcement; and 

_@ bond u for deformed bars was designated as follows: 





Bond Deformed bars Plain bars 
(must be hooked) 


Top bars* 0.07 fe’ | 0. 03 fe’ 
RY pore footings (except top bars) 0.08 fe’ 0.036 fe’ 
Ajl others 0.10 fe’ 0.045 f-’ 


*More than 12 in. of concrete below bee. 


In the section on “Anchorage of Web Reinforcement,” bond stress was 
changed from 0.04 to 0.045 f.’ on plain bars and from 0.05 to 0.10 f.’ for 
deformed bars when bars are used as single separate web reinforcement em- 
bedded above or below the mid-depth on the compression side. Similar 
increases in bond were specified for longitudinal bars bent to act as web 
reinforcement. 


The 1951 Code specifies that in footing slabs only plain bars shall end in 
standard hooks. The ends of the new deformed bars (ASTM Designation 
A 305) as well as the outer faces of hooks shall be not less than 3 or more than 
6 in. from the face of the footing. 


For splices in spirally reinforced columns the 1951 Code states that laps 
for deformed bars with concrete having a strength of 3000 psi or above, 
will be 20 diameters of bar of intermediate or hard-grade steel. For bars of 
higher yield point, the amount of lap shall be increased one diameter for 
each 1000 psi by which the allowable stress exceeds 20,000 psi. When the 
concrete strengths are less than 3000 psi, the amount of lap shall be one- 
third greater than the values given above. For plain bars, the minimum 
lap shall be twice that specified for deformed bars as compared with the 
1947 Code requirement of 25 percent greater. 


Welded splices are preferred when the bar diameter exceeds 11% in. instead 
of the 1947 Code requirement of 1% in. 


PROBABLE TRENDS IN FUTURE DEVELOPMENT OF 
BUILDING CODE REQUIREMENTS FOR REINFORCED CONCRETE 


The most obvious trend is the addition of a chapter dealing with precast 
concrete and a chapter on prestressed concrete. To accomplish these ob- 
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jectives, two subcommittees of ACI Committee 318 are reviewing develop- 
ments by other ACI committees and others working in these two areas. 

Thorough and discriminating attention needs to be focused upon chapters 
dealing with materials, tests, concrete quality, allowable unit stresses in 
concrete and in steel, mixing and placing concrete, as well as forms and 
details of construction. These chapters should be reviewed and re-written 
to reflect a tremendous amount of experience and technological development. 
A careful reading of the 1936, 1941, 1947, and 1951 codes reveals that these 
chapters have remained practically unchanged with the exception of the 
chapter dealing with unit stresses in steel and concrete. 

There are also, fortunately, only a few items for which changes are promised 
but for which factual information is difficult to obtain. The code should 
provide material for these unfinished items. 


There is always room for improvement of editorial treatment and effective- 
ness of presentation. Membership of the Institute is invited to contact 
ACI Committee 318 with suggestions for changes, improvements, and dele- 
tions as well as additions. The 1951 ACI Building Code is the product of 
the Institute; maintenance of its quality, usefulness, and prestige is the 
responsibility of ACI Committee 318 whose 41 members serve not only 
unselfishly but with recognized and respected technical skill. 
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Notable Concrete Structures—Old and New 
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Fisher Cleveland bomber plant 
built during World War II under 
supervision of Army Corps of En- 
gineers. To obtain a large un- 
obstructed ground floor area, the 
designer created a cellular floor 
above of square waffle-like areas 
less than half as heavy as con- 
ventional design would have 
been. Columns were spaced 50 
ft apart in one direction, 5114 ft 
apart in the other 


Grain storage building at Corn 
Products Refining Co.'s Bluebon- 
net plant, Corpus Christi, Texas, 
features open-type construction. 
The building consists of a 54 x 76- 
ft headhouse 170 ft high and 56 
concrete silos, each 25 ft in diam- 
eter and 100 ft high. Completed 
in 1948, the plant recently was 
judged by the New York Museum 
of Modern Art as one of the out- 
standing examples of post-war 
architecture. The H. K. Ferguson 
Co. was architect, designer, and 
builder of the plant 


Rigid frame building for the alloy- 
ing unit of a magnesium plant 
built in the early 1940's. Maxi- 
mum unobstructed floor space was 
provided by supporting hollow 
precast concrete roof slabs on 
100-ft span concrete rigid frames; 
the catwalk was suspended from 
the arches by concrete hangers. 
Reinforcing steel was designed in 
accordance with the National 
Emergency Code set up during 
World War II. Design and con- 
struction of the plant was by The 
Austin Co. for one of the major 
chemical companies, acting for 
and on behalf of the Defense 
Plant Corp. 





NOTABLE CONCRETE STRUCTURES 


Prestressed beams 110 ft long and knife-edge 
thin are only one of the dramatic features of 
the new British European Airways hangars at 
London Airport, England. Combining rein- 
forced and prestressed concrete, both precast 
and cast-in-place, the buildings cover about 
10 acres. The main hangars themselves are 
900 x 110 ft and 43 ft high to the underside of 
the roof beams. Reinforced concrete pylons 
carry the prestressed hollow-box frontal beams 
over the 150-ft door openings. The roof is 
formed with sectionally precast prestressed 
beams of a knife-edge lightness, which span 
the 110 ft between the frontal beams and the 
eave beams of the rear wall. Resting on these 
beams are precast prestressed purlins that 
carry aluminum roof decking. Design was by 
the main contractors Holland & Hannen and 
Cubitts Ltd., in collaboration with Concrete 
Development Co., Ltd., and Prestressed Con- 
crete Co., Ltd. Architect—Keith Murray. Con- 
sulting structural engineers—A. E. Beer and 
Scott & Wilson 


Courtesy Cement and Concrete Assn. (London) 


Concrete arches of the San Cristobal market in 

Buenos Aires, Argentina. Jose Luis Delpini 

designed the structure and directed construc- 
tion operations 


Courtesy Instituto de? Cemento Portland Argentino 
(Buenos Aires) 


Grain elevator at Villa Constitucion, Argen- 
tina, built in 1941 for the Direccion General de 
Construcciones de Elevadores de Granos. 
The 56,000-ton capacity structure was built 
by Christiani & Nielsen Cia. Argentina de 
Construcciones S.A., an affiliated company of 
Christiani & Nielsen, Denmark. It is interesting 
to note that the parent firm was founded in 
1904 to specialize in reinforced concrete con- 
struction, at that time a comparatively new and 
untried building material 


THT 
in 188 


Courtesy Christiani & Nielsen (Copenhagen) 
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Courtesy New Zealand Ministry of Works 


Railroad viaduct over Waiavu 
Stream, Napier Gisborne Rail- 
way, New Zealand. Built in 
1939-1941 by the Public Works 
Department for the New Zealand 
Railways, the arch span is 180 ft. 
Design was directed by C. W. O. 
Turner, construction by E. W. 
McEnnis 


Courtesy G. Magnel (Ghent) 


Rapid progress in reinforced con- 
crete 1880-1910 was due in a 
large extent to the efforts of 
Francois Hennebique. Through 
a profound knowledge of the 
use of this ‘new’ material, he 
built many structures of high 
quality. Among the early bridges 
built by Hennebique is this one 
across the Ourthe River, Belgium, 
built in 1904. It is still in good 
condition 


Massive concrete skeleton for a 
superphosphate plant, Kafr-el- 
Zayat, Egypt, erected in 1948. 
Contractor—Al-Chark, Societe 
d’Entreprises Generales, S.A.E. 
Architect—W. S. Hanna 


Courtesy Henri Barcilon (Cairo) 
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Courtesy Christiani & Nielsen 


Estadio Olimpico Caracas, 
Venezuela, erected 1950-1951 
for Instituto de la Ciudad Uni- 
versitaria. The overhang of the 
cantilevered roof is 21.75 m. 
Built by Compania Anonima de 
Construcciones Christiani & Niel- 
sen, Caracas 
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Courtesy Vacuum Concrete, Inc. 


Bus station at Bogata, Columbia, 
utilizes long span, thin. shell, 
Ortega-Billner arch-beam roofs. 
lt was constructed by placing 
hollow tile about 8 in. apart on 
wood forms and covering them to 
a depth of 24 in. with concrete 
Bays of service station are 31 ft 
square, with 151% Ft cantilevers 
at the sides and ends. Designed 
and built by Alvaro Ortega for 
Empresas Municipales de Bogata 


Paimio Tubercular Sanatorium, 
Finland, symbolizes medical ef- 
ficiency with its glass and bal- 
conies hung on a concrete frame. 
Architect—Alvar Aalto 


-Courtesy Cement and Concrete Assn. (London) 
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Spectacular in its use of prestressing, this 
cafe was erected in 1951 for the Builders’ 
Exhibition at Hannover, Germany. Foot- 
ings, columns, 50-ft cantilevers and girders 
were all prestressed, as was the first-floor 
slab in transverse section. Designer—U. 
Finsterwalder. Arrchitect—Lohmer. Con- 
tractor—Dyckerhoff & Widman KG 


Courtesy Deutscher Beton-Verein E.V. (Wiesbaden) 


Masterpiece in concrete is the rubber factory at Brynmawr, South Wales. The central production 
area is roofed with nine thin concrete domes, flanked on three sides by the shell-roofed ‘“‘drug”’ 
and “‘mill’’ rooms and the cubes of the office block. Over-all dimensions are about 325 x 450 ft 
with a main production area of 77,000 sq ft. The domes for the main production hall (inset) are 
83 x 63 ft, have a rise of 8 ft from springing to crown, and are 3 in. thick. The V’s of the columns 
are 13 ft high and 2 ft 6 in. thick. Architects—Architects’ Cooperative Partnership. Engineers— 


Ove Arup & Partners. Contractors—Holland & Hannen and Cubbits, Ltd., all lower level 
construction and boiler house; Gee, Walker & Slater, Ltd., superstructure of main factory 


Courtesy Cement and Concrete Assn. (London) 


Continued on p. 497 
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A 50th Anniversary Feature 


History and Development of Precast Concrete 
in the United States* 


By J. L. PETERSONT 
SYNOPSIS 


Some of the first uses of precast concrete are described. Early designers 
used precast concrete for reasons of safety, economy, and savings in time of 
construction. Descriptions of projects built before 1920 which used precast 
concrete units weighing up to 75 tons are given. Development of the use of 
precast concrete for bridges, buildings, and marine construction is described. 
Introduction of modern methods of prestressed concrete and lift-slab concrete 
construction is discussed. Future development of precast concrete is predicted. 


INTRODUCTION 


Development and use of precast concrete for structural elements starts 
with the first use of reinforced concrete construction. Contrary to the belief 
of many, precast construction has been in constant use since the first designers 
of reinforced concrete began their experiments in precast structures. The 
imagination and intelligence of the early developers of precast concrete can- 
not be appreciated until some of the designs and details are studied closely. 
Many multistory precast buildings with heavy floor loadings were constructed 
with precast concrete at a time when the actual theory of reinforced concrete 
was still in considerable debate. Failures occurred in the design and con- 
struction of cast-in-place concrete structures, and one of the selling points 
for precast concrete builders was that their structures could be built without 
danger of their collapsing. Designers and builders of precast concrete de- 
veloped a wide variety of uses for their products. Most designers and builders 
working on new developments rushed their new ideas to the patent office and 
an astounding number of patents was issued for precast concrete covering ¢ 
wide variety of uses. This paper is limited to a discussion of structural appli- 
cations of precast concrete. 


MARINE CONSTRUCTION 


Some of the earliest uses of precast concrete were in marine structures. 
Construction under water is difficult so that the idea of fabricating units in 
a yard and erecting the completed unit under water has engaged the imagi- 
nation of marine engineers since the earliest developments in reinforced concrete. 

*Received by the Institute Dec. 28, 1953. Title No. 50-27 is a part of copyrighted JourNAL or THE AMERICAN 
Concrete Institute, V. 25, No. 6, Feb. 1954, Proceedings V. 50. Separate prints are available at 59 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than June 1, 1954. Address 18263 W. MeNichols. 


Rd., Detroit 19, Mich. 
+Member American Concrete Institute, President, J. L. Peterson, Inc., Los Angeles, Calif. 
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Precast concrete block 6 x 15 x 17 ft high were used in 1893 to construct a 
bulkhead in New York City. They were set on a pile and mattress base, and 
subsequently this type of bulkhead construction became a standard design 
repeated in many parts of the country. The Delaware river bulkhead at 
Philadelphia in 1897 used a similar design with precast concrete block weighing 
30 tons each. Additional facilities, which utilized two piers of precast con- 
crete block keyed together, were constructed in 1901. 


In 1898 the power development of the Lake Superior Power Co. at St 
Mary’s Falls, Mich., saw precast concrete block used for a powerhouse. A 
concrete pier superstructure for a ship canal entrance to Duluth Harbor in 
Minnesota was built in 1898 and required 1417 precast footing block weighing 
6 tons each. Similar methods were used for construction of a concrete break- 
water at Buffalo, N. Y., in 1902. In 1907 a concrete breakwater was built 
at Harbor Beach, Mich., using three tiers of precast concrete block. 


An interesting application of precast concrete construction was used in 
1905, at the Niagara Falls Park and River Railroad powerhouse, to form a 
submerged weir across a channel. A series of six concrete block were con- 
structed on a 15 ft high frame to a total height of 50 ft. One end of the frame 
was tilted up until all the block overturned and fell in the stream bed thus 
forming the submerged weir. 

Probably one of the largest precast concrete projects ever built was con- 
structed in Halifax in 1915. For an ocean terminal 3634 precast concrete 


slabs 31 ft x 21 ft 10 in. x 4 ft high with 8-in. walls and 15 open cells were 
used. Weighing 60 tons, these slabs were picked up at the casting yard with 
a 160-ton railroad crane and placed on barges to be dropped in the ocean 
for use as a foundation wall. Block were set in tiers to a height of 50 to 60 
ft and cells were filled with concrete or sand, the concrete filling being along 
the front and in the center transverse row of cells in each block. 


Precast concrete slabs for refacing the up-stream face of Barker dam were 
used in Colorado in 1946. About 1000 precast concrete slabs 12 ft x 6 ft 
8 in. were fabricated at a casting yard and erected on the 175 ft dam face 
with a crane. Precast slabs were welded to dowels imbedded in the dam face 
and grout was placed between the slabs and the dam face. 


Standard Oil Co. of California built a 4000 ft causeway in Richmond, 
Calif., in 1946. Precast concrete piles 80 to 90 ft long were driven into the 
ocean bed and precast concrete forms were placed around the pile bents for 
a cast-in-place pile cap. A total of 736 precast concrete deck slabs spanning 
20 ft were fabricated at a plant 20 miles from the site and erected on the 
pile caps with a floating derrick. Finally, a 51% in. cast-in-place deck was 
placed on top of the precast deck slabs. 

An out-fall sewer for Los Angeles, Calif., was built in 1948 using 100 ft 
lengths of precast, reinforced concrete pipe units, 12 ft in diameter with walls 
12 in. thick. Each unit weighed 455 tons and was fabricated on shore and 
then floated out to its final position. The same design and methods were 
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used in 1951 for cooling water intake tubes for Pacific Gas and Electric’s 
Contra Costa steam plant in California. 

Probably the largest precast concrete units built were those used in New 
York’s Pier 57 constructed in 1952. Two pier boxes weighing 27,000 tons 
each were constructed 38 miles from the site and floated to their final position. 
Boxes were 360 ft long, 82 ft wide, and 34 ft high and had walls 2 ft thick. 
The success of this operation encouraged the use of a similar procedure for 
construction of the foundations for the Tappan Zee bridge over the Hudson 
river in 1953. Precast concrete boxes varying in size from 100 x 190 ft x 
35 ft high to 56 x 110 ft x 32 ft 10 in. high were fabricated 10 miles from the 
bridge site and then floated to it. 

Heavy precast concrete sections were used to build tower foundations for 
a transmission line across San Francisco Bay in 1953. Erected in 60 ft of 
water, precast concrete shells 19 ft in diameter, 16 ft high, 8 in. thick, and 
weighing 60 tons each were placed on a sand bed around a cluster of 23 wood 
piles. Precast concrete pier legs 60 ft long, with 7-ft octagonal-shaped hollow 
shafts, were placed inside the pier shells and reinforcing steel positioned and 
then concrete placed inside the piers and shells. Tower cross beams, above 
water, were erected on top of the pier legs. Cross beams were precast concrete 
weighing 50 tons each and were 46 ft long, 214 ft wide, 7 ft high at the end 
haunches, and 41% ft high at the middle. All units were fabricated at a casting 
yard and shipped to the site by barge. A 75-ton steam-powered derrick 
mounted on a barge erected the units. 


BRIDGES 


Railroad and bridge engineers were among the first to use precast concrete 
construction, and they have used it extensively ever since. One of the chief 
advantages of precast concrete for railway construction has been that struc- 
tures could be quickly erected without tying up traffic for extended periods. 
Starting about 1909, railway engineers began using precast concrete con- 
struction and engineering literature of that period is full of descriptions of 
precast structures quickly erected without restricting traffic. Railroads 
were fortunate in having heavy-duty railway-wrecking cranes with capacities 
of 100 tons or more available for use in handling large precast units. 

A reinforced concrete trestle with precast concrete piles, cast-in-place 
pile caps, and precast deck slabs was constructed in 1909 by the Burlington 
& Quincy Railroad. Pile bents were placed at 16 ft on center and precast 
deck slabs were placed on the pile caps by a locomotive wrecking crane. Slabs 
16 x 7 x 2 ft were fabricated in the railroad yards at Hannibal, Mo., and then 
shipped to the job. 

One of the first bridges to use precast concrete roadway slabs was the 
Blackwell’s Island bridge built in New York in 1909. For this bridge 8000 
precast reinforced concrete slabs 8 x 3% ft x 2 in. were used to form the foot 
walks of the bridge. Slabs were’ reinforced with deformed bars and were 
clipped to steel I-beams. They were cast in a yard under the bridge in stacks 
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Courtesy Engineering News 


Fig. 1—Construction of a precast, three-hinged arch iy built in 1911 over the San Luis Rey 
river near Oceanside, Calif. 


which in some cases were 18 units high. A separating membrane of paper 
and paraffine oil was used between slabs. Slabs were hoisted up to the bridge 
deck and erected by a traveling gantry crane. 

The Chicago, Milwaukee, and St. Paul Railroad constructed a track ele- 
vation at Evanston, IIl., in 1910 with precast concrete roadway slabs cast at a 


yard a mile from the site. Slabs were 271% x 13 ft and 2 ft 5 in. to 3 ft 5 in. 
thick and weighed 65 tons each. Even modern-day designers and builders 
would be hard pressed to match that feat with modern equipment. 


The Kansas City Terminal Railway in 1913 built subways using precast 
concrete piles, cross girders, and roadway slabs. Slabs weighing as much as 
35 tons were fabricated at a yard and erected at the site by derrick cars or 
wrecking cranes. The Pennyslvania Railway in 1915 used precast flat-roadway 
slabs spanning up to 30 ft and weighing up to 75 tons. 


One of the most interesting precast concrete bridges constructed during 
this early period was a three-hinged arch bridge built over the San Luis Rey 
river near Oceanside, Calif. (Fig. 1). Constructed in 1911, the bridge is 
696 ft long with a roadway width of 18 ft. It consists of six arch spans with 
a 103- or 107-ft span, all with a rise of 19 ft. Arch ribs were precast on the 
ground adjacent to the bridge and erected by a wooden traveller straddling 
the bridge. Each half arch is about 57 ft long by 16 in. wide and varies in 
depth from 24% to 34% in. Precast concrete spandrel posts were erected 
on top of the arch ribs and bottom projecting reinforcing bars were slipped 
through holes left in the arch ribs. Ends of reinforcing bars were threaded 
and the nuts screwed up tight against the arch ribs. A cast-in-place deck 
was placed on top of the spandrel posts, with the form work supported by the 
precast spandrel posts. Cost of the entire bridge was $20,500, amounting to 
$1.65 per sq ft of roadway. 
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Another interesting bridge constructed in 1916 in Sacramento, Calif., was 
three miles long and utilized precast piles, cast-in-place pile caps, and 3665 
precast channel-section roadway slabs spanning 20 ft and covered by 11% im. 
of asphalt paving. 

The San Mateo-Hayward bridge in California was built in 1929 using pre- 
cast concrete piles, hand rails, and 1170 precast slabs of inverted U-shape, 
35 ft long, 13% ft wide, and 4 ft deep. 

Construction of the Baker river bridge in the state of Washington in 1949, 
was accomplished with precast concrete stringers-and floor panels concreted 
separately and tied together with cast-in-place concrete. The bridge con- 
sisted of eight 25-ft precast beam spans supported by timber piles. Precast 
stringers were 25 ft long and 24 x 10 in. in cross section, spaced 4 ft 9 in. on 
center, and supported precast deck slabs 8 ft long x 4 ft 2 in. wide x 8 in. thick. 
Joints between units were grouted, and a bituminous wearing surface applied 
over the top. 

Heavy traffic of the Mission Valley freeway in San Diego, Calif., dictated 
that construction of the Morena Boulevard overpass in 1952 should provide 
the least possible interference with traffic. To provide a clear span of 831% 
ft, two cast-in-place concrete cantilever abutments of 131% and 14 ft were 
built in conjunction with a center simple span of 56 ft, which consisted of 
14 precast concrete, hollow-box girders. Girders weighed 42 tons each and 
were 3 ft deep and 6 ft wide with a 7)4-in. top slab and a 6-in. bottom slab. 
Fabrication of girders took place on a casting slab a short distance from the 
site; erection was with two truck cranes, one on each end of the girder. Traffic 
on the freeway was blocked only on off-peak hours and only for three days. 

Construction of the Bay St. Louis bridge between Bay St. Louis and Pass 
Christian, Miss., was completed in 1953. This four-lane bridge 10,198 ft 
long consists of a 124-ft double-leaf bascule center span with the remainder 
of the structure a precast pile trestle with cast-in-place caps and precast 
roadway slabs. Roadway slabs spanning 41 ft were divided into half-width 
sections each 2714 ft wide with a 71-in. deck slab cast integrally with four 
longitudinal beams and two end diaphragms 3) ft deep. A total of 478 of 
these precast slabs, weighing 122 tons each, were fabricated at a casting site 
on shore; a gantry crane carried the slabs to a barge which was floated to the 
pile bents, and then the slabs were lowered by flooding the barge. 


BUILDINGS 


Engineers engaged in designing and constructing buildings showed an 
early interest in precast concrete. General knowledge of designing, forming, 
bracing, shoring and scaffolding, and placing concrete was limited at the 
time precast concrete was first used. Many engineers designed structures 
in precast concrete because units could be inspected and tested, and defective 
sections would reveal themselves during handling and erection. Many felt 
that the cost of forming, shoring, and placing cast-in-place concrete was exces- 
sive and used precast concrete construction in attempts to achieve economy. 
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Courtesy Engineering News 


Fig. 2—Erection of two reinforced concrete kiln houses with precast members at Edison Portland 
Cement Co. in 1907 


One of the earliest precast buildings was a stable built in Brooklyn in 1900. 
Precast roof slabs 17x 4 ft and 2 in. thick, reinforced with 4%4-in. round 
rods and No. 14 transverse wires, were precast in a shop near the building 
and then clipped to steel roof trusses. This same precast slab was also used 
for partitions, cross walls, vent shafts, and manure pits. A similar roof 
system was used in 1905 for a small warehouse for the C. H. Henden Power 
Co., West Rutland, Vt. Precast concrete slabs 9 x 41% ft x 2% in. were 
supported on steel roof trusses. 

Precast concrete arched roof sections were used in 1901 for a conduit sub- 
way in Bloomington, Ill. Slabs were 2 in. thick, spanned 6 ft, and were rein- 
forced with 3¢-in. round rods. More than 5000 ft of slabs were fabricated 
at a shop and shipped to the job. 

A complete precast reinforced concrete floor-and-roof system was constructed 
in 1905 for the Textile Machine works in Reading, Pa. This four-story 
building, 100 x 50 ft in plan, was built using precast girders spanning 24 ft 
which supported precast floor beams spanning 12 ft; girders 24 x 15 in. were 
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hollowed out transversely to form a Pratt-truss shape, and the precast floor 
beams, 12 ft long and 12 x 6 in. in cross section were formed as Pratt trusses 
in the same manner. Beams and girders were fabricated and raised to their 
floor level by an elevator, and the connections between beams and girders 
then grouted. Columns were cast-in-place, and brick masonry walls completed 
the building. 

Edison Portland Cement Co. constructed a building. in 1907 in New Village, 
N. Y., which used a precast concrete roof system consisting of columns, 
50-ft span girders, longitudinal struts, and roof slabs (Fig. 2). All precast 
units were fabricated on separate casting slabs and paper was used as a 
separating membrane on top of the casting slab. A locomotive crane erected 
the precast units, while inside the building a gin pole was used to erect the 
roof slabs. 

Another interesting building, a car barn and repair shop, was constructed 
in 1909 by the Central Pennsylvania Traction Co. of Harrisburg, Pa. Precast 
concrete columns, beams, walls, and roof slabs were erected by a traveling 
stiff-leg derrick. Walls were inserted in T & G joints in the precast. columns. 
Roof slabs were cast in stacks separated by 40-lb, waxed manila paper; in 
some cases soap was used as a separating membrane. More than 1400 pieces 
were assembled in this building in the 33 days required for erection. 

One of the pioneers and developers of reinforced concrete construction in 
the United States was Ernest L. Ransome who built many large reinforced 
concrete structures before the turn of the century. In 1893, Ransome con- 
structed the Leland Stanford University Museum of monolithic reinforced 
concrete, and in the 1906 San Francisco earthquake it received but minor 
damage. Ransome developed the “Ransome Unit System” which involved 
precasting and erecting concrete sections. In 1911 Ransome built a four- 
story building, 200 x 60 ft in plan, for the United Shoe Machinery Co., Beverly, 
Mass. Precast columns were erected, precast girders placed on the columns, 
precast beams placed on the girders, precast wall sections inserted between 
exterior columns, and then the whole assembly was tied together with a 
cast-in-place floor slab. A railroad derrick and a stiff-leg derrick were used 
for erection. 

An interesting example of tilt-up reinforced concrete was constructed 
between 1906 and 1912 in Des Moines, Iowa (Fig. 3). The method of tilting 
a wall into place was used as contrasted to the more common method of 
fabricating the unit separately and then erecting it into place. Flat walls 
were tilted into position for exterior walls of buildings constructed in 1912 
at Fort Crockett, Texas. Walls were connected together by cast columns. 

Construction of precast concrete industrial buildings on a nation-wide 
scale was begun about 1910 by the Unit Construction Co., St. Louis, Mo. 
Using a system they called “Unit Structural Concrete Method,’ which 
became known.as the “Unit System,” they constructed a large number of 
buildings completely built of precast units. Grouted connections between 
precast columns and girders were used to develop some continuity and 
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Fig. 3—Early example of tilt-up construction at Des Moines, lowa, between 1906 and 1912. 

e platform on which this wall was cast was tilted with the wall. Some of the walls were hollow, 

made by casting a 2-in. layer of concrete, placing a 2-in. layer of sand, and then casting the 

top 2-in. layer of concrete. The two layers of concrete were tied together with reinforcement. 
e sand was washed out with a fire hose as the wall was tilted 


rigidity. John E. Conzelman was the engineer and designer responsible for 
the development of the Unit System. During 1910 to 1916 more than 51 
patents were taken out by Mr. Conzelman for the Unit System of construct- 
ing precast concrete buildings (Fig. 4). Included in these patents were pre- 
cast concrete floor-and-roof systems, wall systems, saw-tooth roof system, 
grain elevators and tanks, fences, piles, circular tanks, and erection equipment 
and devices. 

One of the most notable buildings constructed by this firm was a five-story 
building built in 1911 for National Lead Co., St. Louis, Mo. Precast concrete 
interior and exterior columns, wall slabs, thin-shell, channel-section floor 
slabs, and beams were used in this completely precast building designed for 
500 lb per sq ft floor loadings. This building, in good condition, is still in use 
today (Fig. 5). Another example of the Unit System is the Industrial Housing 


Fig. 4—Completely precast con- 

crete building system patented 

by John E. Conzelman in 1912. 

Many buildings of this type were 
Courtesy John Merle, St. Louis, Mo. built before 1916 





DEVELOPMENT OF PRECAST CONCRETE 


Fig. 5—Recent photograph of 
buildings erected in 1911 and 
1914 in St. Louis, Mo., using all 
ecast concrete construction. 
uilding in rear is five stories high 


Courtesy John Merle, St. Louis, Mo. 


Colony for the Youngstown Sheet and Tube Co., Youngstown, Ohio (Fig. 6). 
A total of 300 unit reinforced concrete houses were built with precast concrete 
sections. 

Many railway structures were built by the Unit System and in 1913 a round- 
house was built for the Atchison, Topeka, and Santa Fe Railway at Riverbank, 
Calif. Typical precast concrete columns, walls, floor-and-roof slabs, and 
girders were erected by a traveling stiff-leg derrick. Pacific Electric Railway 
in Los Angeles, Calif., used the Unit System to construct approximately 
50 pedestrian station shelters in 1914. Each building consisted of 119 pre- 
cast units weighing from 33 to 400 lb erected by hand, with connections being 
made by reinforcing bars projecting into grouted joints. Many of these units 
are in use today. 


Courtesy John Merle, St. Louis, Mo. 


Fig. 6—Unit methods used in construction of Industrial Housing Colony, Youngstown, Ohio. 
Erection view showing precast wall slab being hoisted into position—note truck used for hauling 
wall units from fabricating site to job site 
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Courtesy John Merle, St. Louis, Mo. 


Fig. 7—Casting yard for Luzerne, Pa., carhouse built in 1913 for Philadelphia Rapid Transit Co. 
by Unit Construction Co. Building was 611 x 315 ft and used precast columns, walls, roof girders, 
and roof slabs. Left: precast roof slabs, and center: 36-ft roof girders 


Other examples of casting yard layouts and concrete distribution systems 
and erection procedures used by the Unit Construction Co. are shown in Fig. 
7, 8, and 9. 

The increasing use of the Unit System of construction prompted Engineering 
News to state in Feb. 24, 1916: 

“There is nothing new about the so called Unit System of concrete con- 


struction. It is of interest to record that this system of construction appears 
to be coming into favor among engineers.”’ 


Courtesy John Merle, St. Louis, Mo. 


Fig. 8—Casting plant layout and concrete distribution system for precast concrete roof slabs 
and columns used for Memphis Cotton Compress Co., Memphis, Tenn., built in 1914 by unit 
methods of construction 
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Construction of houses 
has always interested de- 
signers building with pre- 
cast concrete and many dif- 
ferent systems were devel- 
oped and used. A residence 
was built in 1922 in Los 
Angeles which consisted of 
precast concrete wall slabs 
and a wood roof. Walls 
were cast on the floor of 
the building, tilted up with 
a simple tripod operated by 
two men, and the joints 
were then grouted or glazed. 


Cemenstone Co. of Pitts- 
burgh, Pa., in 1943 con- 
structed a industrial build- 
ing in Pittsburgh using 
precast concrete members 


‘ . Courtesy John Merle, St. Louis, Mo. 
fabricated and erected in 


Fig. 9—Stiff-leg derrick erecting precast concrete roof truss 


a manner similar to struc- for Post Cotton Compress Co., Post, Texas, in 1915. Pre- 
tural steel. Precast col- ¢ast columns, wall slabs, beams, trusses, and roof slabs were 
used on this project 


umns, girders, beams, and 
channel floor slabs were used and bolted or welded together and the joints 
grouted. Many of these buildings were constructed in the following years 
in Pittsburgh. 

Precast concrete three-hinged arches were used in 1944 to span 90 ft with 
a 25-ft rise for a gymnasium at Corpus Christi, Texas. Ribs, 19 x 9% in., 
supported a timber roof. 

A 7,000,000-gal. water reservoir was built for the New Orleans Sewerage 
and Water Board in 1946. Precast concrete slabs were used for the walls 
and roof which was supported by cast-iron pipe columns. 

Precast reinforced concrete channel sections were used to form rigid frames 
for a building constructed at the Naval Supply Depot, Mechanicsburg, Pa., 
in 1946. Bolted together, these precast members formed hollow-box girders 
and columns which were integrated into rigid frames after erection by welding 
the reinforcement and concreting the joints. Precast, thin-shell ribbed roof 
slabs, spanning 20 ft with a 14% in. thick slab spanning about 5 ft between 
8 in. deep slab ribs, were weided to the girders. Many additional buildings 
of this type were built by the Navy Department as well as commercial and 
industrial builders. An example of thin-shell ribbed roof and floor construc- 
tion is shown in Fig. 10. 

The Los Angeles area has been one of the most active in the development 
and use of modern precast concrete construction. Beginning slowly in 1945, 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1954 


Fig. 10—Thin-shell ribbed roof and floor slabs in position on a monolithic frame at the Naval 
Air Station, Miramar, Calif. 


precast concrete construction was in a few years adopted by the majority of 
designers and builders working in the area. Most of the buildings have been 
built with precast concrete walls and conventional roof systems. Walls 
generally have been cast on the floor slab of the building, thus eliminating 
the cost of auxiliary casting slabs or trucking costs for shipping fabricated 
products to the site. Walls generally have been flat, solid-slab sections which 
require only a simple perimeter form for placing concrete. Large wall units 
have been used weighing as much as 30 tons with areas up to 1000 sq ft. 

Use of precast concrete construction in Los Angeles has been facilitated 
by the availability of large, heavy-duty rubber-tired truck cranes. In 1947 
Hesse Crane Co. built a 40-ton rubber-tired truck crane, and in the following 
four years constructed three additional heavy-duty truck cranes. The Los 
Angeles area has also been fortunate in having a large, well equipped, and 
efficient transit-mix concrete industry. Most precast concrete walls con- 
structed have been cast from transit-mix trucks, eliminating need for chutes, 
buggys, or other auxiliary equipment. This has proved to be economical 
for buildings of sufficient size to provide adequate floor space for casting all 
the precast units. 

Construction of precast concrete roof systems in the Los Angeles area 
has been much slower in development, with the most notable use of precast 
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concrete being in rigid frames fabricated in one piece with solid sections. 
Precast three-hinged arches, and thin-shell ribbed roof slabs or flat-slab roof 
slabs have also been used. Also, some buildings with simple-span precast 
concrete beams setting on precast columns have been erected in this area. 

Sandwich type precast concrete wall slabs were used for building the 
Du Pont Nylon plant at Chattanooga, Tenn., in 1948. Slabs, 7 in. thick, 
were constructed of gypsum-filler block with concrete cast around the sides, 
and they were bolted to a structural steel frame. Similar sandwich-type 
slabs were used for the Forestal Village housing development at the Great 
Lakes Naval Training Station, Chicago, Ill., built in 1951. Floors and roofs 
were hollow precast concrete slabs and exterior walls were sandwich-type 
precast concrete, with 4-in. concrete for the exterior face, 11%4-in. cellular-glass 
insulation block in the middle, and 214-in. concrete for the interior face. Pre- 
cast units were welded together and the joints calked. 

Dormitory units at the University of Connecticut were built in 1948 using 
load-bearing precast concrete wall and partition sections to support cast-in- 
place floor slabs. Four story and basement units were constructed for this 
project and many similar types of structures were built at other locations. 

Precast concrete wall slabs were used with a cast-in-place concrete frame for 
an eight-story office building built in Columbia, 8. C., in 1949. Slabs had 
windows or openings formed in the walls and were erected by cables and 
hand winches. 

A novel use of precast concrete wall slabs was developed in 1951 for a 
six-story office building in Miami, Fla. Exterior walls were 4 in. thick precast 
sections hung from the bottom of a cantilevered cast-in-place floor slab. 

More than 450 hollow-core precast concrete wall-and-roof slabs were used 
to build three 1-story infirmaries for Rancho Los Amigos in Los Angeles in 
1951. Cast-in-place rigid frames, spaced at 14 ft, supported the wall and 
roof slabs, which were 8 in. thick with hollow cores 12 x 314 in. spaced at 17% 
in. and formed with corrugated paperboard. 

As a contrast between earlier and more modern developments (1951) in 
the California area in precast construction, the methods used in erection and 
size of wall slabs should be noted (Fig. 1l1.and 12). Economies gained in 
casting and erecting walls at the job site were realized as early as 1922 in 
this area. 

Precast, curved-slab thin-shell panels were used in 1951 in a thin-shell 
arch for a small warehouse in Fort Worth, Texas. 

The Navy Department used precast concrete for some large training centers 
built in southern California in 1952. Barracks, mess halls, chapels, warehouses, 
hangers, administration buildings, and auditoriums were constructed with 
solid-slab precast walls and roof sections, with precast rigid frames supporting 
floor and roof slabs. 


Precast concrete bleachers were constructed at Polytechnic High School 
in Long Beach, Calif., in 1953. Bleacher frames supported precast beams 
which formed risers for the deck, and support for precast seat slabs. 
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Fig. ie lees technique employed in con- 
struction of a residence in San Bernardino, 
Calif., in 1938 


February 1954 


Thin-shell precast concrete, ribbed 
roof slabs were used on a large scale 
for a project at the Naval Air Sta- 
tion in Miramar, Calif., in 1953. More 
than 350,000 sq ft of slabs were fabri- 
cated at a factory and trucked 117 
miles to the site. T ypical units were 
24 x 4 ft with either 1% or 1% in. 
slabs supported by 10-in. ribs (Fig 10). 
More than 4,000,000 sq ft of similar- 
type ribbed roof slabs were used at the 
U.S. Marine Corps depot of supplies at 
Albany, Ga., in 1953, and in the same 
year a training center at Twenty-Nine 
Palms, Calif., saw erection of various 
structures with precast solid-slab walls 
and precast rigid frames (Fig. 13). 

Also, in 1953 prestressed lightweight, 
expanded-shale concrete was used 


for constructing a factory in Houston, Texas, for Kay Manufacturing Corp. 
Lightweight precast concrete was used for thin-shell roof slabs, roof beams, 
columns, and walls, fabricated at a precasting plant, with erection accom- 


plished by a rubber-tired truck crane. 


Prestressed girders were 40 ft long with 


an I-section 30 x 14 in., and slabs were 20 x 2 ft with 9 in. flanges. 
Three-hinged precast arches spanning 147 ft were constructed in 1953 for 


a gymnasium at Citrus Union High School in Azusa, Calif. (Fig. 14). 


Fig. 12—Modern precast, tilt-up construction 

using vacuum lifting equipment. Structure con- 

structed in 1951 for Torrance Unified School 
District, Torrance, Calif. 


Each 
half-arch weighed 32 tons and was 
erected by two rubber-tired truck 
cranes. 

In 1953, the U. S. Navy built jet 
aircraft maintenance hangers at 
Oceana, Va., and Whidbey Island, 
Wash., which have 150-ft span pre- 
cast arches. Precast concrete roof and 
floor slabs were used. Arches have a 
hollow section 3 x 14% ft and were 
erected by three rubber-tired truck 
cranes in two half-sections, with a 
hinge connection at the top of the 
two half arches for erection purposes. 
Thirty days after full dead load, a 
rigid connection was made by welding 
reinforcing bars to dowels projecting 
from the arches. 
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CONCRETE PRODUCTS 


The field of precast con- 
crete products has always 
attracted many staunch 
advocates and early 
builders were no exception. 

Concrete products have 

been produced since the 

turn of the century and 

structural uses and adapt- 

ations have been wide and 

varied. George Rackle & 

Sons Co. has produced pre- , 

cast concrete products con- Fig, 13—Erecting precast, solid-slab walls on precast rigid 
tinuously since 1870. frames by vacuum-lifting mats. This chapel was built in 

ORT ROD Aas 1953 for the U. S. Marine Corps Training Station at Twenty- 

nine Palms, Calif. 

crete L-shaped | retaining 

walls, with sections 6 ft long and up to 6 ft in height, were used as early as 
1902. Precast reinforced concrete railway ties were used in 1903 by the Ulster 
and Delaware Railroad. Ties were reinforced with angle irons and bolts were 
imbedded for the attachment of rails. Miscellaneous items such as precast 
reinforced concrete fence posts, and door and window frames were used in 
1906. Precast concrete timbering for mine shafts was used in Ahmeck, Mich., 
in 1912 for the copper mines of the Ahmeck Mining Co. Precast concrete 
trolley poles up to 35 ft in height were used in Syracuse, N. Y., and Utica, N. 
Y., in 1913, and precast concrete cribbing was used in 1923 for retaining walls. 

R. E. Dill of Alexandria, Neb., applied for a patent in 1925 for manu- 
facturing prestressed precast concrete posts and slabs by post-tensioning the 
steel. 

In the middle thirties precast concrete joists found use in many types of 
structures; fabrication was at a plant from where they were later transported 
to the job site. Many types of precast floor-and-roof systems were developed 
and marketed about the same time, such as hoHow-core slabs, channel slabs, 
tongue-and-groove planks, and many other patented methods. 

Precast block with precision ground edges held together with prestressed 
steel rods positioned in recesses were introduced in 1942 for wall and roof 
slabs with spans up to 32 ft. Precast hollow-core, lightweight concrete roof 
slabs were used for a 500,000 sq ft building constructed in 1948 for American 
Radiator and Standard Sanitary Corp., at Torrance, Calif. Siabs were 
10 x 2% ft x 4 in. with 2% in. diameter holes formed by inflated rubber tubes 
inserted in the forms before casting. 


LIFT-SLAB CONSTRUCTION 


One of the recent modern developments in the use of concrete units fabri- 
cated in one position and then erected to their final position is lift-slab con- 
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Courtesy Wohl- Calhoun aa. ye oan Calif, 


Fig. 14—Precast concrete, three-hinged arches spanning 147 ft for the Citrus Union High School 
in Azusa, Calif., built in 1953. Each half-arch weighed 32 tons 


struction. Fabrication of floor and roof slabs consists of casting them stacked 
on a base slab, one on top the other, and then jacking them to their final 
positions. Tilting of roof slabs with respect to the horizontal has been done 
on some jobs. 

Lift-slab construction was developed in 1948 by Philip Youtz, Tom Slick, 
and the Institute of Inventive Research, San Antonio, Texas. Trinity Uni- 
versity Administration building in San Antonio was constructed using this 
method in 1950 (Fig. 15). Roof and floor slabs were cast on the base slab 
with a separating membrane between slabs. Powerful jacks seated on columns 
raised the slabs to their final position where structural connections between 
slabs and columns were made. 

Plastic pans were used for forming a two-way ribbed, reinforced concrete 
roof slab constructed by means of the lift-slab method in 1952 for a machine 
shop in Cleveland, Ohio. Pans were 1714-in. square by 10 in. deep at the top 
and flared out to a 20-in. square opening at the bottom. A 2-in. flange brought 
the out-to-out bottom measurement to 24-in. square. With a 2-in. topping 
of concrete over the pans and a solid 12-in. slab around the columns, the slab 
weighed 84 lb per sq ft, and column bays were 42 x 36 ft. 





DEVELOPMENT OF PRECAST CONCRETE 


oa Pes & 
3 ei ot y: aie Eg 

a all TA Gla) a 
5 ee bead 7 Fi ‘of A | “ 
| 





Fig. 15—Lift-slab construction at Trinity University, San Antonio, Texas, showing slabs in erected 
positions on left and prior to lifting on right 


A heavy concrete roof weighing nearly 1,000,000 lb was erected by the 
lift-slab method in a building constructed in 1952 for the Temple Isaiah in 
Los Angeles. Pie-shaped, the sloping slab had an area of 7000 sq ft and 
was lifted 24 ft high on one side and 28 ft on the other, thus forming a tilted 
roof slab. Twelve jacks astride steel columns lifted the roof slab. 

A flat-slab prestressed concrete roof for a laboratory at the Southwest 
Research Institute, San Antonio, Texas, was constructed using the lift-slab 
method in 1952. The slab was 88 x 38 ft x 6 in., supported by steel columns 
spaced 24 ft on center in both directions, and had an overhanging cantilever 
of 6 to 10 ft on the sides and ends of the building. The slab was post-tensioned 
in one direction by tensioning the wires and anchoring them to bearing plates, 
and in the other direction by jacking apart the slabs at a cold joint and filling 
the gap with a fast-settling, high-early strength cement grout. 

Barracks for 1500 men were constructed in 1953 at the U. 8. Naval 
Amphibious Base at Norfolk, Va., using the lift-slab method for erecting the 
roof and two floors. Solid, reinforced concrete slabs 6 and 9 in. thick were 
used for the roof and floors, respectively. 

Lift-slab roof construction and precast walls were combined in a building 
constructed in 1953 for the American Potash and Chemical Corp. at Whittier, 
Calif. Wall slabs were fabricated on a casting slab adjacent to the building 
and were stacked to a height of 5 or 6 units. The roof slab was divided into 
three sections separated by a 2-ft space and each section was lifted individually. 
Individual sections were connected together by welding alternate lapped 
bars projecting into the 2-ft separation and then filling it with concrete. 
After the roof slab was in position and completed a rubber-tired truck crane 
raised the wall slabs alongside the building from where a fork-lift truck 
operating inside the building inserted its forks through slots in the walls to 
complete erection. 
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Post-tensioned, waffle roof slabs were erected in 1953 by the lift-slab method 
for a three-story laboratory and office building for the Southwest Research 
Institute in San Antonio, Texas. The waffle pattern was formed by plastic 
pans seated face down on the base slab. Solid sections without the pans 
were used around columns to resist shearing forces, and slabs were prestressed 
in both directions. A similar roof construction was used for a one-story 
garage in Louisville, Ky., in 1953. 


PRESTRESSED PRECAST CONCRETE STRUCTURES 


Use of prestressed concrete was introduced in this country in combination 
with precast construction and since then most projects using prestressed 
units have taken advantage of this system. Reduction of dead weight, 
longer spans, and heavier loads are some of the advantages to be gained 
using prestressed concrete rather than reinforced concrete sections. 

Basic principles of prestressing were conceived in the United States. In 
1886, P. H. Jackson of San Francisco patented methods of tightening steel 
tie rods in precast concrete arch sections used as floors of buildings or side 
walks over excavations. 

The Lincoln Park bridge in Chicago, Ill., was built in 1895 with a deck of 
cast-in-place concrete reinforced with No. 8 wires which were tensioned, 
sloped to fit the moment diagram, and anchored in place before placing 
concrete. 

R. E. Dill of Alexandria, Neb., applied for a patent in 1925 to produce 
precast, prestressed concrete members such as posts and slabs. Dill used a 
high-tensile steel, coated with a plastic substance to prevent bond, which 
was tensioned after the concrete had set. 

Precast prestressed concrete was used in the construction of two bridges 
built in Tennessee in 1950. One, near Jackson, Tenn., consisted of two outer 
spans of 20 ft and an interior span of 30 ft. Each span was made of precast 
concrete, hollow-core block 16 x 12 x 8 in. fabricated in a shop and shipped 
to the job. Fifteen rows of adjacent beams were assembled by stringing 
together the concrete block with mortar joints and prestressing them with 
% in. diameter wire cables. After a 3-in. concrete roadway slab and curbs 
were cast over and between the units, the beams were tied together with 
transverse prestressing cables. 

One of the first precast, prestressed concrete structures built in the United 
States was the Walnut Lane bridge, Philadelphia, Pa., in 1949. This bridge 
had a 160-ft center span, two 74-ft end spans, and a 64-ft total width. The 
center 160-ft span was made up of 13 precast, post-tensioned girders weighing 
150 tons each and cast as an I-section 6 ft 7 in. deep. Girders were jacked 
up onto greased skids and then pulled transversely to their final position by 
jacks. 

Prestressed, precast concrete beams were used in 1950 for the Midwest 
Geophysical Research Laboratory, Tulsa, Okla. Beams spanning 30 ft and 
carrying precast, thin-shell concrete, channel roof slabs were used. 
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A 110-ft span pedestrian foot bridge was constructed in 1950 across the 
Arroyo Seco in Los Angeles. Two simple-span T-shaped, precast post- 
tensioned girders with a cast-in-place deck in between were used. Weighing 
53 tons each, the girders were fabricated on a bank near the site and erected 
by three rubber-tired truck cranes handling a single girder. 


Pretensioned, precast channel-section roof slabs were used in 1953 for the 
Loveland Elementary School in Colorado. Slabs, 5 ft wide, with 14-in. ribs, 
spanning up to 30 ft were used. 


One of the longest bridges constructed with precast, prestressed members 
was the Tampa Bay bridge in 1953 using 2178 precast prestressed girders. 
Post-tensioned girders were I-shaped, 46 ft 10 in. long and 3 ft 4 in. deep, 
with a 4-in. web. 

Precast, post-tensioned concrete girders were used in the construction of a 
bridge, 423 ft long and 30 ft wide, built by the Bureau of Public Roads on 
U. 8. Highway 101, north of Coos Bay, Ore. I-beam cross sections were 
used for 28 girders 45 ft long and 28 girders 60 ft long. The 60 ft girders 
weighed 141% tons each, and were spaced at 5 ft 4 in. on center transversely 
with a cast-in-place floor slab placed on top of the girders. 

In 1951, Manhattan’s Pier 57, in New York, established records in the 
United States by using 3148 prestressed precast stringers. Beams were 
fabricated at the casting site by pretensioning three rows of stringers in a 
350-ft casting bed. The I-shaped beams spanned 19 ft, and had a 12 in. 
depth, 14-in. top flange, 18-in. bottom flange, and a 11-in. web. 


FUTURE OF PRECAST CONCRETE 


The future of precast concrete looks promising, following an astonishing 
increase in its use and application in the past five years. Many areas of the 
country have been handicapped in the use of precast concrete by the lack of 
heavy-duty truck cranes. Larger truck cranes are becoming generally available 
and this should encourage further developments in precast concrete. Transit- 
mix trucks are increasing in size and efficiency, which will undoubtedly in- 
crease the use of site fabrication of precast concrete because the cost of truck- 
ing heavy units to the site is eliminated as well as the heavy burden of over- 
head and depreciation costs for the large capital investment required for a 
precast concrete factory. 

Outstanding success of precast units for marine construction indicates 
that future designers and builders will look first to precast concrete con- 
struction for solutions to difficult problems. 

Introduction of prestressing has opened up an entire new field for the 
designer interested in precast concrete. Prestressing goes a long way in over- 
coming the chief disadvantage of precast concrete—the heavy dead load 
of the units. In the future bridge designers in the United States will un- 
doubtedly rely heavily upon prestressed precast concrete, because of experience 
gained in this country and the success of prestressed precast concrete for 
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bridge structures in Europe. Long-span structures, supporting heavy loads, 
will find increasing uses for prestressed precast concrete because of the savings 
in dead load and steel. 

Use of lift-slab construction will undoubtedly increase in multistory struc- 
tures because of the savings involved. Prestressing combined with lift-slab 
ribbed or waffle construction allows long spans and consequent wide column 
spacing, a factor which will encourage the use of this method. 

Construction of three-hinged, precast concrete arches has proved successful 
and increasing usage can be expected as larger erection equipment becomes 
available. Rigid precast frames have proved feasible and economical in 
many installations, and with heavier erection equipment frames can be 
erected in one piece thus eliminating difficult and costly connections. Hollow- 
core sections are efficient and cheap to form and cast and, therefore, should 
find an increasing use in arches and rigid frames. 

Thin-shell precast concrete, ribbed-roof slabs have been used extensively 
and will undoubtedly find a sustained market in the years to come. 

Connections between precast concrete units have been difficult and ex- 
pensive, especially in areas of seismic activity, and increasing use of walls 
and frames which are individually structurally stable under vertical and 
lateral loads can be expected. Simple waterproof connections can be then 
made between individual units. 

Use of lightweight concrete for precast, as well as prestressed structures, 
is increasing due to savings in dead weight. Designers of long-span roof and 
bridge structures will find the reduction in dead load an added incentive for 
using lightweight prestressed concrete. Higher strength concrete and pre- 
stressing steel will undoubtedly be forthcoming to assist the engineer faced 
with erection capacity limitations. 

The past five years of experimentation, invention, development, improvi- 
sation, trial and error, and acceptance and rejection of design and construction 
methods in precast and prestressed concrete construction will undoubtedly 
soon result in some degree of standardization upon tried and true methods. 
When this happens and standard methods are generally accepted by the 
entire construction industry, a considerable increase in the use of precast 
concrete will result. 


The future of precast concrete, in its many forms and adaptations, appears 
assured and the only limitation on its use will be the capacity of the erection 
equipment available and the imagination of the designers and builders who 
use it. 





NOTABLE CONCRETE STRUCTURES 


Courtesy Nils Tengvik (Malmo) 


Largest building in Sweden is Sodersjukhuset (hospital at Soder), Stockholm, built 1937-1943, 

with a volume of about 450,000 cu m. Of monolithic concrete, external walls and roof slab 

were insulated on the outside with lightweight concrete. Floor slabs are 20 cm thick with a 6-cm 

topping of lightweight concrete. Main interior walls were built to a great extent without rein- 
forcement. Designer—Hjalmar Granholm 


Notable Concrete Structures—Old and New 


Continued from p. 476 


Salamonde Dam on the Cavado 
River near Salamonde, Minho, Por- 
tugal, is a thin arch dam of variable 
radius and angle. Built 1952-1953, 
the dam is 75 m high; maximum thick- 
ness is 8.3 m; radius of the upstream 
face of crest is 115 m; and 93,000 cu 
m of concrete were used. Average 
cement contents (standard portland 
cement) are 250 to 275 kg percum 
for the dam proper and 180 to 250 
kg per cu m for abutments. The dam 
forms a 55,000,000-cu m reservoir 
enabling the water to be diverted 
into the underground powerhouse 
50 m below the river bed and then 
returned to the river by a Q-km tun- 
nel. Builder—Sociedade de Empre- 
itadas de Obras Publicas, Lda. 
Engineer—Andre Coyne. Architect 
— Januario Godinho 


Courtesy Laboratorio Nacional de Engenharia Civil (Lisbon) 
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Past and present are reflected in these arch 
bridges in Greece. The modern arch, Steno 
Bridge on the Naupactos-Lidoriki road, built 
in 1935, has a 30-m span. Designer—Ach. 
Karas. General contractor—Prometheus Ltd. 
Construction—Ergoliptiki Ltd. 


Courtesy P. Moliotis (Athens) 


Camel transport hauled building materials to 
the railroad viaduct across the Goksu Valley in 
southern Turkey, built 1928-29. The viaduct, 
294 m long and about 35 m high, comprises 
seven arches spanning 29.5 m, and was built 
on pneumatic caissons. Steel scaffolding was 
used. Built under the direction of Kampmann, 
Kierulff & Saxild A/S for the Turkish govern- 
ment 


Courtesy Kampmann, Kierulff & Sazild A/S (Copen- 
hagen) 


Railroad bridge over Umhlatuzi River, Felix- 
ton, Natal, Union of South Africa, completed 
in 1947, has seven 120-ft reinforced concrete 
tied-arch spans. Designed and built by South 
African Railways Administration 


Courtesy South African Railways and Concrete Assn. 
of South Africa (Johannesburg) 


Floating arch bridge over Derwent River, 
Hobart, Tasmania, is the only one of its kind. 
While other floating concrete bridges are an- 
chored at intervals to provide lateral sta- 
bility, this structure is designed as an arch to 
withstand forces of wind and current. Length 
of bridge between shore abutments is 3807 
ft; length of roadway on concrete floating 
arch portion is 3154 ft, built to a radius of 
2741.645 ft, and containing 11,000 cu yd of 
concrete. Opened for traffic in 1943, it was 
designed by A. W. Knight; built by Tasmanian 
Public Works Department 


Courtesy Cement & Concrete Assn. of Australia (Sydney) 





An outstanding early bridge (still in service 
with some reconstruction in the late 30’s) is 
the Grafton Bridge, Auckland, New Zealand. 
Opened to traffic in 1910, the bridge is made 
up of one 49-ft span, two spans 78.5 and 80.5 
ft, main arch span of 320 ft, four spans 75.5 
ft each, and two spans 35 and 37.5 ft. Design 
and construction—Ferro-Concrete Co. of Aus- 
tralasia 


Courtesy City Engineer's Office, Auckland 


Reinforced concrete arch railroad bridge over 
Nippara River, Tokyo, Japan, on the Ogochi 
line of the Japanese National Railways. Built 
in 1951, the span is 46 m and the rise 16.1 m. 
Builder—Tokyo Metropolitan Government and 
Japanese National Railways 


Courtesy Japan Society of Civil Engineers (Tokyo) 


Built between 1912 and 1914, the bridge over 

the Goomtee River, Lucknow, India, consists 

of five reinforced concrete arches of 75-ft 
span each 


Courtesy The Concrete Assn. of India (Bombay) 


A modern designer in the truest sense was 
Robert Maillart, Swiss engineer, who built 
his first concrete bridge more than 50 years 
ago. To Maillart, reinforced concrete repre- 
sented the future of construction, recognizing 
that concrete design should not be shackled 
by forms evolved for traditional materials. 
The bridge over the Rhine at Tavanasa, built 
in 1905, whittled away to bare essentials, 
expresses almost the whole of his theory of 
bridge design 


Courtesy Cement and Concrete Assn. (London) 








Free-span construction, used to a limited extent in the past, has been facilitated in recent years 
by the use of prestressing in bridge construction. This method was applied in building the pre- 
stressed concrete bridge over the Neckar River, Neckarrems, Germany, after World War Il. The 
bridge has a clear span of 232 ft 11 in. and a height of about 34 ft 5 in. from top of foundation 
to top of roadway. Engineer—U. Finsterwalder. Contractor—Dyckerhoff & Widmann K.G. 


Courtesy Hydro-Electric Power Commission of Ontario 
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Courtesy U. Finsterwalder (Munich) 


Tunnel construction is a major 
phase of the Sir Adam Beck— 
Niagara Generating Station No. 
2, being erected by Hydro-Elec- 
tric Power Commission of Ontario, 
Canada. The 51%-mile twin 
tunnels, with a finished inside 
diameter of 45 ft, are among the 
largest of their type in the world. 
Design, engineering, and general 
supervision—Hydro-Electric Pow- 
er Commission of Ontario. Con- 
tractor—joint venture of B. Perini 
& Sons, Inc., Walsh Construction 
Co., Arthur A. Johnson Corp., 
Henry J. Kaiser Co., C. A. Pitts 
General Contractor Ltd., Mor- 
rison-Knudsen of Canada Ltd., 
and Mannix Ltd. 


Continued on p. 522 





Title No. 50-28 





A 50th Anniversary Feature 


Evolution of Concrete Construction* 


By ROGER H. CORBETTAT 


SYNOPSIS 


Evolution of the concrete construction industry can be traced by the 
improvements in materials, construction techniques, and equipment. Rising 
costs and efficiency have dictated innovations in concrete construction such as 
prestressed, tilt up, and lift slab. Each of these, or combinations such as 
precast prestressed units, have figured prominently costwise and resulted 
in increasing popular acceptance of concrete construction in these highly 
competitive times. Equipment has been improved along with new develop- 
ments in materials and construction techniques, and has stimulated con- 
tractors to adopt improved methods of concrete construction. 


INTRODUCTION 


Evolution of concrete from the days when a batching plant consisted of 
shovel and perhaps a wheelbarrow, while the mixing plant was simply 
shovel in the hands of a workman, to modern-day 13-cu yd truck mixers 
transporting quality concrete with carefully-graded aggregates, good cement, 
and controlled amounts of water to the job site where “know-how’’ handling, 
vibration, and sometimes vacuum process procedures bring about strengths 
as high as 8000 psi is truly an advancement in contrast with the past. 

A concrete structure, of either plain or reinforced concrete, remains unique 
in modern construction. With few exceptions it is the only type of structure 
whose component parts are manufactured from raw materials at the job site. 
So the personal element—the care with which the work is executed in the 
field—is of major importance in concrete construction. Structures of stone, 
steel, and masonry are composed of various units manufactured in shops by 
skilled men and put together by skilled labor in the field, while concrete, 
manufactured at the job site (mixing and placing), is the result of sometimes 
indifferent and unskilled labor. 


MATERIALS 


Other features prominent in successful concrete structures are the materials 
which go to make up the finished product. Next to reinforcement, which is 
a uniform product and needs no discussion, cement is perhaps the most 
important constituent. 


*Received by the Institute Dec. 4, 1953. Title No. 50-28 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Instirvute, V. 25, No. 6, Feb. 1954, Proceedings V. 50. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than June 1, 1954. Address 18263 W. McNichols 
Rd., Detroit 19, Mich. 

+Member American Concrete Institute, President, Corbetta Construction Co., Inc., New York, N. Y. 
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Cements 


One of the first users of binders in masonry construction were the Egyptians, 
who used a gypsum mortar in building the pyramids. Pieces of nummulitic 
limestone were chipped off larger stones and burnt to form a crude hydraulic 
binder. Later the Romans improved lime mortar as a masonry material, 
and developed a cement that would set under water. The great public build- 
ings, baths, and aqueducts of Rome were constructed with this binder which 
was a mixture of burnt lime and volcanic ash. The ash was from a lava 
deposit in the vicinity of Pozzuoli, now a suburb of Naples. Outstanding 
among structures built with this pozzolanic cement was the great Coliseum 
in Rome, portions of which stand today. 


With the fall of Rome and the beginning of the Middle Ages, the art of using 
and manufacturing hydraulic binders was lost to the world: until the 18th 
century where, in England, the rediscovery of cements was made. 


About 1756 manufacture of cement was rediscovered by John Smeaton of 
Leeds, England. He found that clayey limestone, carefully burned, would 
yield a lime mortar that would harden under water. A great deal of use was 
found for this binder at that time, including construction of the famous Eddy- 
stone Lighthouse, a masonry structure which withstood 123 years of weather- 
ing and sea storms. 


Later, in 1824, a process was patented for grinding the cement materials 
before burning, and the resulting binder was called Roman cement. But to 
Joseph Aspdin, a mason and bricklayer of Leeds, England, goes the credit 
for portland cement, though a far cry from what we know as portland cement 
today., He used limestone reduced to a powder, obtained from roads of the 
time or crushed manually or with machinery, and an argillaceous earth or 
clay in a powdered form. This mixture was calcined and then ground to a fine 
powder. The name “portland” cement was given to the product because the 


greyish color of the set cement resembled stone found on the Isle of Port- 
land, England. 


In 1826, in the United States, natural limestone deposits were discovered 
in the Rosendale district, southwest of Kingston, N. Y., later in Louisville, 
Ky., and still later in Siegfried, Pa., now one of the centers of cement manu- 
facturing in this country. 


About 25 years later, construction of the Lehigh Valley Railroad exposed 
the limestone deposits from which modern portland cement is made, but 
in the industrial expansion during the latter part of the 19th century, 
“Imported” cement was specified in most work. About 1871, David O. 
Saylor patented an American portland cement, with the first mill at Coplay, 
Pa., and within 20 years 16 plants were in operation and the use of the rotary 
kiln had started. Since then, year by year, improvements in manufacture 
and quality of cement have been made, and today we have five types of port- 
land cement to choose from as well as an imposing array of admixtures to 
improve the workability or qualities of concrete. 
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Admixtures and additives 

The need for admixtures or additions (when a material other than gypsum 
is interground with the cement clinker it is an addition, whereas any material 
added to concrete other than cement, water, and aggregate is an admixture) 
has been long debated, but in recent years a few such agents have gained 
wide acceptance, notably those known as “air-entraining agents.’”’ Today 
there are numerous admixtures and/or additives which may be classed as 
follows: (a) accelerators, (b) air-entraining agents, (c) gas-forming agents, 
(d) natural cementing materials, (e) pozzolanic materials, (f) retarders, (g) 
water-repelling agents, (h) workability agents, and (i) miscellaneous agents 
such as surface hardeners, coloring pigments, grinding aids, and those which 
lower the freezing temperature. 

In general, some admixtures or materials might appear under more than 
one heading: calcium chloride may be used. to accelerate setting or to lower 
freezing temperature and air-entraining agents add to both durability and 
workability. 

MACHINERY 


Improvements in machinery used in the manufacture, transportation, and 
placing of concrete has played an important role in the successful evolution 
of concrete from a little relied on product, with respect to strength, to the 
high-grade concretes of today. Machinery used in moving and erecting 
concrete structural elements and products has also kept pace. 

In fact, all machinery has shown great improvements with some of the 
most notable being in aggregate processing, concrete batching, long-boom 
truck and tractor cranes, and power buggies. Long-boom cranes are today 
reaching 15-story heights and lifting 1 cu yd of concrete, as against the old 
method of establishing one 
or more hoist towers in 
each building. The power - 
buggy is replacing the 
hand-pushed buggy and 
permits a greater quantity 
of material to be moved 
per man. 

In general, all improve- 
ments have been toward 
more efficient, and conse- 
quently less-costly con- 
struction. For instance, 
use of vacuum mats and 
long-boom cranes in pre- 
cast wall construction has 
had far-reaching effects. 
In just about any phase 


Bie Seat ao i te 


Fig. 1—Modern machinery used to transport thin-shell pre- 
cast panels. This straddle truck raises, transports, and lowers 
of the concrete industry panels with minimum handling and is operated by one man 
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the same is true, and 
new and improved ma- 
chinery has played a 
major role in the success 
of concrete products and 
construction. | Modern 
day hauling, handling, 
and erecting equipment 
‘are shown in Fig. 1, 2, 
and 3. 


Fig. 2—Gantry crane used in casting yard for lifting and 
transporting large precast units. Over-all dimensions are 77-ft CONSTRUCTION 
span and 26-ft high a , 
The construction in- 


dustry has made rapid strides since the turn of the century when wood- 
frame structures were prevalent. Today in the concrete field, which more 
than holds its own in the structural field and promises to become still more 
dominant because of recent far-reaching innovations, there is a choice of 
systems to use with the introduction of precast concrete, tilt-up and lift-slab 
methods, prestressing, and, of course, time-proven cast-in-place concrete 

















a 
a. Kia ok”. 


Fig. 3—Vacuum tilting mat operated by a crawler crane is used to erect tilt-up wall panels. The 
vacuum pump is located on the counterweight behind the crane cab, and the vacuum hose is run 
up the boom and down to the mat 
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Fig. 4—One of 43 storehouses erected at a naval ammunition depot. Buildings are 200 x 50 ft 
in plan with thin-shell precast ribbed panels used for the roof, precast wall panels, and precast 
rigid frames all cast using assembly-line techniques 


construction. Additional economies offered by concrete construction are the 
minimum requirements for maintenance, particularly the elimination of 
painting, and its fire resistance. 


Formerly, accepted procedure in concrete construction was cast-in-place 
concrete which required the erection of two structures (formwork and structure 
itself) to achieve the desired result. This, however, is rapidly becoming 
obsolete because of the increasing acceptance of precast concrete units. 


Precast concrete 

As precast concrete construction becomes better known, the element of 
uncertainty that goes with cast-in-place monolithic construction will con- 
tribute further to its adoption, and because of economies that are inherent 
in assembly-line mass production of precast units its popularity is sure to 
increase. Assembly-line production requires fewer men and yields a uniform 
product, which, in turn, permits engineers to design more effectively and 
economically. The engineer can rely upon uniformity of concrete placed 
under reasonably exacting conditions with further assurance of good work- 
manship obtainable in supervised factory production. 

A number of precast concrete structures being erected throughout the 
country today are proving the virtues inherent in this medium of construction. 
Precast concrete warehouses, for example, are proving more economical to 
erect than by other types of construction (Fig. 4). 
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Fig. 5 (top)—Section of exterior sandwich- 
type precast-wall. Inner and outer walls are 
tied together with J-shaped metal wall ties. 
Foamed glass between inner and ovter walls 
provides insulation and acts as a vapor barrier 
thus insuring warm dry walls. Center—Casting 
beds for mass producing sandwich wall panels. 
Edge forms are set and form oil applied to ply- 
wood and edge forms. Steel windows and 
door frames are then set in place. Welding 
and lifting plates are also set in the forms. 
Welding plates tie adjoining wall sections to- 
gether and tie walls to roof and floor sections. 
Lifting plates provide means for eg ey sec- 
tions by crane. Bottom—After the first lift of 
concrete is placed, 1% in. thick insulation 
block, are laid on top. Following this, rein- 
forcement is put in position and the final lift of 
concrete placed. After finishing exposed sec- 
tions, walls are allowed to cure and then are 
lifted from forms using a vacuum pad 








In one recent project, more than 
1000 residential units were erected 
with precast concrete walls insulated 
by inserting foamed glass, or similar 
insulating material, in wall panels 
during casting (Fig. 5). With the 
rapid growth of precast construction, 


it should not require too much 
imagination to dwell upon further 
possibilities in reducing construction 
costs by applying sheets of, or 
sprayed on, colored plastics (such as 
are used on table tops and other furni- 
ture), immediately after, or concur- 
rent with, casting of the precast wall 
units. Add to the economies the 
elimination of the nine separate oper- 
ations of waterproofing, lathing, plastering, scratch coat, brown mortar, white 
plaster, first, second, and third coats of paint, and the further saving in 
maintenance costs because of the ease with which a plastic-faced surface 
may be cleaned. 

Indeed, for those prejudiced against exposed concrete in certain parts of 
the country, there is no reason why precast units cannot be cast in molds 
that will remain a permanent part of the outside facing of the precast element. 
Molds may be made of stainless steel, aluminum, copper, or some other . 
accepted metal made to incorporate any desired architectural features, and 
would add to the peace of mind of those who are skeptical of the waterproofing 
and lasting qualities of good concrete. 

During World War II, a precast concrete landing craft was constructed 
for the United States Navy with dimensions exactly similar to steel landing 
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craft under construction in great 
quantities for military use in foreign 
lands. Admiral Ben Moreell of the 
United States Navy had the foresight 
to realize that the terrific quantity of 
steel used for this purpose could easily 
fall into the hands of enemies and be 
used for their own war purposes after 
salvaging. This precast concrete land- 
ing craft*:+ was made up of a series 
of boxes whose walls were 34 in. thick fe, 6~Dicsiet contiottion tc dpiatedaed by 
on two sides and 1% in. thick on the _ neat and orderly operations. Crane erecting 
other sides with open ends. These recast floor cele” have been 
boxes were placed in checkerboard 

fashion on a 1)%-in. concrete base which formed the bottom of the hull, and 
then the 114-in. deck was placed on these. Pneumatically applied concrete 
34 in. thick was applied to the 34-in. sides of these boxes which resulted -in 
11%-in. sides for the hull and 1%-in. bulkheads running fore and aft. This 
craft, incidentally, proved to be as impervious to water as if the entire hull 
was encased in a rubber coating, and remained thoroughly dry through 
its useful existence. The craft was subjected to severe testing in many forced 
landings on rough beaches, and survived many years of rough handling. 





Reference is made to this landing craft to portray the evolution in con- 
crete construction in the past 50 years, when, as has previously been said, a 
shovel, a wheelbarrow, a strong back, a guess, and a prayer were the only 
requirements for making concrete. 


Contractors will come to appreciate the advantages in precast concrete 
construction because of the more tidy and orderly operations in contrast to 
the forest of lumber required in forming and shoring cast-in-place construc- 
tion (Fig. 6). Precast operations eliminate 90 percent of the formwork and, 
therefore, considerably minimize the number of men required. Use of wire- 
mesh fabric, instead of steel bars, further minimizes the number of men and 
the inherent chances of error in placing of steel. 


Hoisting of large precast wall sections requires few men. For example, at 
the Grumman Aircraft Plant in Long Island, N. Y., 2400 sq ft of precast 
sections were erected by nine men and a crane in one day (Fig. 7); the same 
wall in brick would require 80 bricklayers and 55 helpers, with attendant 
scaffolding. 


Construction and erection of precast concrete units can be economically 
carried out during winter weather. Production-line precasting requires little 
area and, therefore, a much smaller outlay in materials and labor for winter 
protection. Steam and similar modern curing methods, uneconomical for 


*Amirikian, A., ‘‘Preeast Concrete Structures,’’ ACI Journat, Dec. 1946, Proc. V. 43, p. 
tMacLeay, Francis R., ‘“Thin Wall Concrete Ship Construction,’”” ACI Journat, Nov. 1949, Th V. 46, p. 193. 
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Fig. 7—Large precast curtain-wall panels being erected on a steel frame at Grumman Aircraft 
Engineering Co.'s plant in Long Island, N. Y. Panels are transferred directly from trailers (lower 
right-hand corner) by crane to their respective positions on the building frame 


cast-in-place structures, are readily adaptable for curing precast products in 
the field or factory. 

It is evident that with all of the advantages of cast-in-place concrete, such 
as maintenance and fire resistance, precast concrete offers much to the con- 
struction industry. Design, casting, curing, and erection are greatly simplified 
using precast units, to say nothing of the inherent economies in precast 
construction. 

Precast units, such as block and pipe, have been manufactured by the con- 
crete industry for 4 number of years, and recently building elements such as 
stairs, window frames, doorways, lintels, floor and roof slabs, and wall panels 
have gone into production. Future uses indicate that with further develop- 
ment of prestressing, precast units will be more popular than ever, for, again, 
new economies are to be realized in combining the two systems. 

Prestressed concrete 

Prestressed concrete is a comparatively new form of construction with a 
great deal of research being carried on at the present time. The interest is 
enormous and literature on prestressed concrete is growing like an avalanche 
in all parts of the world. Again the development of prestressed construction 
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can be traced, just as in 
precast construction, to the 
inherent advantages and 
savings in materials. 
Basically, prestressing 
involves savings in dead 
weight and materials, es- 
pecially in the amount of 
steel used, and offers other 
advantages such as flexi- 
bility in manufacture— 
members may be made of 


block, precast whole mem- na guts " sa pauiitcn ’ 

‘ Bes , ig. 8—Beam being prestresse y @ hydraulic jack ten- 
bers, or produced - all sioning the cables. Stresses induced by this operation are 
assembly-line basis in a_ directly opposed to those created by dead and live load 


factory. From a structural 

viewpoint, advantages are to be found in more efficient cross sections and 
amazing elasticity which enables cracks to close in overloaded members 
when overload is removed. «Also, since shear and diagonal tension stresses 
are rarely critical, savings are initiated in member sizes and in elimination of 
web reinforcement. An example of a beam being prestressed is shown in Fig. 8. 





Formerly prestressed construction had been more popular in Europe than 
in this country because of the savings in materials and the lack of experience 
of American contractors in this field. Today, with a few major and many 
smaller projects completed, some of note such as the Tampa Bay bridge 
and New York’s Pier 57, American contractors are gaining experience in this 
field. It is safe to say that in the future prestressed construction, probably 
combined with the advantages of precasting, will play a major role in the 
construction industry. 


Tilt-up 

Tilt-up construction is a special but simple procedure developed to bring 
down construction costs by casting and erecting precast concrete structures 
at the job site. It has essentially the same desirable properties as ordinary 
precast construction, but in addition has the advantage that handling and 
lifting of precast units are reduced to a minimum. 


In tilt-up construction each unit is precast in a horizontal position, usually 


on top of the previously cast base slab, and in such a location that handling 
is at a minimum, say, rotation about the base of the slab. 


Advantages to be gained using tilt-up methods include: (a) formwork is 
cut to a minimum as only perimeter forms are required; (b) production line 
techniques are readily applicable; (c) work is done in an efficient position; 
(d) reinforcement, electrical conduits, and window and door forms are readily 
placed in the open horizontal form; and (e) a wide range of architectural 
treatments and design may be included with little loss in economy. 
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%: ~SG s 
Fig. 9 (left)}—Heavily reinforced concrete roof slab after forms were removed preparatory to 
lifting into position. Note supporting beams on top. Hydraulic jacks are not yet in position 
at top of columns. Right—A million pounds literally floating in air. Lifting was accomplished 
by 50-ton capacity hy~-aulic jacks set atop the 12 columns supporting the pie-shaped concrete 
slab. These jacks raised threaded rods fastened to collars around the columns. When in position, 
the slab was supported on %-in. plates bolted to column flanges 


Precast units are cast as either flat slabs or thin-shell ribbed slabs with some 
use being made of insulation to improve the qualities of the products. Erection 
is by large motor cranes which in one trip erect the walls in their proper 
locations. 


In the past most of this type construction has been in the southwestern 


area of the country, but with experience gained from the many projects 
constructed in this manner, adoption by other builders should be almost 
universal. 


Lift-slab construction 

Currently, construction time and costs are being reduced by the Youtz- 
Slick lift-slab method, which consists of casting the roof and floor slabs on 
the ground-floor slab and raising them into position by means of jacks mounted 
on permanently installed steel columns. Ultimately the steel columns carry 
the roof and f or loads (Fig. 9). 


One of the costliest items in constructing concrete floor systems in place 
is the required formwork. Costs are incurred in erection, dismantling, and 
cleaning and oiling forms, whereas in the lift-slab method only simple peri- 
meter forms are required. Besides the initial savings in formwork other 
economies are to be gained from: (a) all work is done on the ground where 
workmen are safe and more efficient, (b) no hoisting of concrete is necessary 
as with cast-in-place construction, and (c) materials for subsequent work 
on the structure may be hoisted along with the slab and thus reduce the 
necessity for most hoisting operations inherent in a structure that is cast-in- 
place. 


Variations of slab shape and position are also possible. Flat slabs, waffle 
slabs with filled-in sections around columns to resist shear, and tilted roofs 
have been constructed by the lift-slab method. 
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Formwork 

Formwork, as in other phases of the concrete construction industry, has 
shown major improvements in recent years. Large plywood sheets have 
supplanted the multi-unit square-edged boards used in formwork. Plastic- 
faced plywood has made it possible to obtain smooth ceilings and the elimi- 
nation of plaster. Corrugated paperboard boxes for forms in ribbed- or 
waffle-slab construction have also been used in an attempt to cut costs. 

With respect to re-use of forms, high-early strength cement permits stripping 
of forms in 48 hr with complete safety and economy over the old custom of 
permitting forms to remain in place for ten days or longer. 

Specifications 

Some of the cost-affecting problems confronting engineers in planning a 
reinforced concrete structure are which contractor will erect the structure; 
uncertainty of source of materials; and uncertainty as to faithful adherence 
to specification requirements, along with the usual reluctance on the part 
of owners to provide for proper inspection. All these leave the engineer the 
uncomfortable responsibility of making allowances for these uncertainties. 

In New York, concrete contractors, testing laboratories, the Portland 
Cement Assn., ready-mixed concrete producers, along with professional, 
consulting, structural, and design engineers, architects, and reinforcing steel 
suppliers, have joined forces in an organization known as the Concrete Industry 
Board whose aim is to bring about the greater use of quality concrete. 

In time it may come to pass that specifications will state that only qualified 
concrete contractors, ready-mixed concrete plants,. and testing laboratories, 
meeting with the approval of the Concrete Industry Board, will be allowed to 
erect structures which may then be designed efficiently without unnecessary, 
cumbersome safety factors saddled upon the designer due to present-day 
uncertainties in the concrete field. 

Should this experiment prove successful, another milestone will have 
been passed in the evolution of concrete construction. 


SUMMARY 


Contractors and engineers are meeting the challenge of increasing costs 
in construction. Recent shortages of steel and the indifference as to quality 
and/or quantity of work produced by inefficient workmen necessitated many 
far-reaching innovations in the concrete construction field which lend value 
to the age-old adage ‘‘necessity is the mother of invention.’’ Today many 
structures are being built with less men and, indeed, less materials than in 
the past because of improvements in materials and construction techniques. 


Material improvements have been notable in the concrete field, especially 
in cements with or without admixtures. Five types of high-quality portland 
cement, with varying degrees of heat liberation, setting time, and sulfate 
resistance are available plus an imposing array of admixtures to improve 
the qualities of the hardened product. Machinery improvements on the 
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whole have followed other improvements and have been a great stimulant 
in adopting newer techniques of concrete construction. 


The construction industry has been in the forefront in adopting new tech- 
niques in an effort to cut down costs and inefficiency. Adoption of precast 
units in buildings has proved a terrific stimulant in the increasing popularity 
of concrete construction. Close control, easy erection, and inherent economy 
are a few of the more prominent features of precast construction. 


Prestressed construction, quite often used along with precast units, is 
proving increasingly popular. Advantages to be gained from prestressing 
show up in smaller cross sections of members, reduction in dead loads, and 
freedom from web reinforcement. With these advantages and the ability to 
span great distances the future for prestressed concrete is bright indeed. 


Tilt-up construction has been introduced in the concrete construction 
industry and has been found to decrease costs in formwork, hauling, and 
erection. Many structures have been built to date using tilt-up methods, 
and in view of favorable results promises to be one of the most important 
innovations in the concrete industry in recent years. 

Other attempts at cutting down rising construction costs have led to the 
development of lift-slab methods for erecting the roof and floors of a building. 
Some notable structures have been built with this method with favorable 
reports on the costs, and with experience recently gained, such as introduction 
of lift-slab along with tilt-up construction, greater economies are promised 
for the future. 

Other directions showing improvements in recent years have been form- 
work and specifications. With more rigid control over manufacturing and 
placing concrete, there will undoubtedly result economies from the stand- 
point of more efficient design. 
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A 50th Anniversary Feature 


Fifty Years in the Technical Development of 
Concrete Pipe’ ; 


HOWARD F. PECKWORTHt 


SYNOPSIS 


An outline of the broader technical developments in the concrete pipe 
industry over the past 50 years, including manufacturing processes such as 
hand tamping, mechanical tamping, packing with the packerhead, casting with 
variations of vibration and vacuum processes, centrifugating, pounding or 
rolling, and variations such as tamping with vibration, or centrifugation with 
rolling and vibration. These technical improvements have resulted in a 
product characterized by thin walls, high strength, and long life. 


INTRODUCTION 


Concrete pipe is unique among all branches of the concrete industry for 
two reasons: (1) concrete pipe contains as high or higher quality concrete 
as any commercial concrete produced, and (2) the concrete pipe industry 
has produced more prestressed concrete for a longer time, by any measure- 
ment, than any other branch of the concrete industry. In brief, this paper 
traces technical developments of concrete pipe over the past 50 years. 


PHYSICAL DEVELOPMENT 


Nonreinforced concrete sewer pipe made in this country as early as 1842 
is still in use today. Nonreinforced concrete drain tile and irrigation pipe 
was made in California in 1849, and later this same type of drain tile was 
made in New England in the 1880’s. Nonreinforced concrete culvert pipe 
was used extensively in Iowa in 1906; the first reinforced units were produced 
shortly after 1906 by the Wilson Concrete Pipe Co. of Red Oak, Iowa, using 
hand-tamped methods and a wooden form. Low-head, reinforced concrete 
pressure lines were made in this country in 1909 using high-grade, carefully- 
laid concrete sewer and culvert pipe. In the 1920’s, the first concrete cylinder 
pressure pipe was introduced (using a thin steel cylinder coated on both 
sides with concrete), and the 1930’s saw development of prestressed concrete 
pipe without a steel cylinder. In 1942 the first steel-cylinder prestressed 
concrete pipe was developed. 

Today, in 1954, concrete pipe as large as 15 ft in diameter is commonplace 

*Received by the Institute Dec. 24, 1953. Title No. 50-29 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Inatiture, V. 25, No. 6, Feb. 1954, Proceedings V. 50. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than June 1, 1954. Address 18263 W. MeNichols 


Rd., Detroit 19, Mich. 
+Member American Concrete Institute, Managing Director, American Concrete Pipe Assn., Inc., Chicago, III 
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and other size pipe has been manufactured to withstand pressures as high as 
300 psi. Attesting to the popularity of concrete pipe is the fact that in 1953 
over 11,000,000 tons of this product were manufactured in the United States. 

Many early examples of various types of concrete pipe are still functioning 
today. The two examples of longest service of concrete pipe (as far as the 
writer knows) are a short piece of the cloaca maxima or main sewer in Rome 
constructed about 800 B.C., and in service today approximately 2700 years 
later, and a rammed-concrete pipe water line constructed by the Romans 
in 80 A.D., which delivered water from the Eiffel Mountains to Colonia 
Agrippina (Cologne, Germany) until 1928, or a period of 1848 years, when 
it was replaced because of inadequate size. A piece of this concrete water 


line is available for inspection in the Smithsonian Institution, Washington, 
D. C. 


TECHNICAL DEVELOPMENT OF CONCRETE PIPE TO 
WITHSTAND EXTERNAL LOADING 

The first concrete drain tile (1880), the first concrete sewer pipe (1842), 
and the first concrete irrigation pipe (1849) were all made of nonreinforced 
concrete, hand tamped into wooden or crude metal molds. 

Shortly after 1900, in the Northwest, the first tamper-type machines 
were developed separately by Messrs. Thompson, Hammond, Bullen and 
Ash. The core form for these machines was generally fixed with the outer 
form revolving while dry mix concrete was mechanically tamped into the 
wall space between the core form and outer form by wooden tamper sticks 
operating at high speed while striking the dry mix heavy blows. 

In 1918-1919 in Portland, Ore., the Tuerck-MacKenzie Co. utilized double 
tampers, thus making it possible to reinforce the pipe and tamp on both 
sides of the reinforcing rods. William J. MacKenzie of that company recog- 
nized the importance of gradation of aggregates, and Prof. George W. Gleeson 
of Oregon State College published a paper on this subject “Grading Aggregate 
for Mechanically Compacted Concrete Pipe,’’ which appeared in the magazine 
Concrete in 1932. 

In the Midwest, starting in 1906, the Quinn Wire and Iron Works at Boone, 
Iowa, started making butt-end concrete drain and culvert pipe using the 
tamper principle with both the core and the outer form revolving and using 
steel tamper sticks. Fig. 1 illustrates modern tamping machines in use. 

In 1916 and 1917 in Iowa, Zeidler, Ferguson, and McCracken, all working 
separately, made the first “packerhead’’ type concrete pipe manufacturing 
machines which literally pack the dry mix into place in the pipe wall. At 
the start of the process the packerhead is at the bottom of a vertical form 
which makes up the outside form of the finished pipe. As the packerhead 
revolves at high speed, the dry mix is fed into the form and the packerhead 
is raised while revolving. Thus the packerhead packs the mix into place 
under pressure and the outside diameter of the packerhead is the inside 
diameter of the finished pipe (Fig. 2). 











— 
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Fig. 1—Three tamping machines, operating independently, are fed at this plant by a central 
mixer and conveying system 


Following the pioneer developments, manufacture of both packerhead 
and tamper machines began by such concerns as Martin Iron Works in 
California with their packerhead machine, Tom Sherman in Knoxville, Tenn.., 


with his tamper machine, and later 
other companies making both packer- 
head and tamper machines. 


Concrete pipe made on both the 
packerhead and the tamper machines 
uses a dry mix, compacted by mechan- 
ical pressure in the machines so that 
forms may be stripped immediately 
upon removal from themachine. These 
machines make the bulk of small-size 
concrete drain tile, sewer, irrigation, 
and culvert pipe and some of the ma- 
chines make pipe up to 72 in. in diam- 
eter and 6 ft in length. Some plants 
now add external vibration to either 
the packerhead or the tamper methods. 

Much of the larger sizes of sewer and 
culvert pipe has always been made by 
the cast method, some manufacturers 
preferring slow-speed high-amplitude 





Fig. 2—One of several types of packerhead 
machines for concrete pipe manufacture. Ro- 
tating table permits efficient manufacturing 
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vibration and others high-speed low-amplitude vibration. All the largest 
sewer and culvert pipe up to 15 ft in internal diameter are made by this 
method, the degree and type of vibration calling forth spirited debate among 
industry members. Forms in this method are not stripped immediately, 
but the use of steam curing makes it possible to strip the forms without 
much delay. : 

The cement mortar joint, either with or without oakum, was the first 
type to be used and is still a popular joint for sewer, culvert, and irrigation 
pipe. The next most widely used joint for concrete sewer and culvert pipe 
is the rubber coupling joint pioneered by the Hamilton Kent Manufacturing 
Co. of Kent, Ohio and others. Many other patented bituminous, plastic, 
or mastic joints have had limited acceptability in some areas. 

Concrete pressure pipe to withstand internal pressures developed out of 
high-quality gravity-flow sewer and culvert pipe with exceptional care being 
used in laying a line. In 1905 and 1906 some low-head concrete pressure 
lines made of this high-quality sewer and culvert pipe were laid successfully, 
but it was soon found that successful concrete pressure lines necessitated 
solving other problems than those encountered in gravity flow lines with the 
result that refinements in design and manufacture were necessary creating, 
in effect, another type of concrete pipe. 


TECHNICAL DEVELOPMENT OF CONCRETE PIPE TO 
WITHSTAND INTERNAL PRESSURES 

Concrete pressure pipe developed from three independent sources. In 
Europe and the Eastern part of the United States, the pressure-pipe field 
was occupied first by cast-iron pipe which was developed to a considerable 
degree as far back as the 17th century where it was used to supply water 
to the fountains at Versailles in the reign of Louis XIV. In the 1870's 
wrought-iron plates were fashioned into pipes and lined with concrete but the 
life expectancy of this product was only 25-30 years because of corrosion 
of the iron shell at the seams in the concrete. Next, steel pipe was developed 
and in the 1890’s Bonna in Paris combined steel with concrete to make the 
forerunner of present-day high-pressure concrete pipe. 

While this chain of development was being evolved, a high-quality concrete 
pipe without the steel cylinder, for relatively low pressures, was being developed 
by Hume in Australia who rotated or spun the form directly after the green 
concrete was placed in it to force out excess water and at the same time 
compact the mix prior to curing. Australia was far from the sources of cast 
iron, wrought iron, or steel with the result that there was a ready market 
in that part of the world for Hume’s high-quality centrifugally-spun product. 
Fig. 3 illustrates an early use of the Hume process of manufacturing con- 
crete pipe by the centrifugal method. 


At the same time in the Western United States concrete pipe mostly for 


irrigation was being developed, first in 1849 by the hand-tamped method and 
later by the cast, packerhead, tamped, and centrifugal methods. Most of 
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Fig. 3—Concrete pipe manufactured by the centrifugal process. Operation involved is stripping 
42-in. Hume pipe 


this pipe in sizes 24 in. and under, especially prior to 1914, was to withstand 
no more than a 20-ft head of pressure, but later, in sizes up to 60 in. or more, 
developments enabled pipe to withstand pressures up to 100 ft of hydraulic 
head. Ernest Bent and the American Pipe and Construction Co. in Los 
Angeles, Calif., and Harry Tellyer of Albuquerque, N. M., were the leading 
pioneers in this area. During this period of development of concrete pressure 
pipe considerable wood-stave pipe was used. 

Custom and the practical developments have more or less dictated that 
above a 100-ft head of pressure steel-cylinder concrete pipe is used, whereas 
the centrifugal or noncylinder concrete irrigation pipe is generally limited 
to pressures below a 100-ft head; the great majority of the irrigation pipe 
being designed for a 20-ft head. 

In 1922 the Lock Joint Pipe Co. of New Jersey was making concrete pipe, 
plain and reinforced, by the centrifugal method. In the 1920’s Hume of 
Australia came to this country to market his patents and established Frank 
Klingensmith in Detroit with a sales office designed to market the centrifugal 
process of making concrete pipe throughout the United States. Klingensmith 
wanted extremely high royalties with the result that few sales were made. 
In 1925, in Detroit, Nichols and Foley were making concrete pipe by the 
centrifugal method and shortly thereafter the Mohr-Buchanan centrifugal 
process from Scotland was established in the Los Angeles area and in Canada. 
This latter process was-an ingenious method of using a solid form coated on 
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the inside with wax and the mix placed in the form by the centrifugal process. 
After centrifugating, the pipe and form were set upright in the curing shed, 
the heat turned on, and the wax melted out to be used over again. As soon 
as the wax was melted the form could be stripped with ease. The solid form 
had advantages of safety and no latches to get out of order or become incrusted 
with mortar and laitance. 


Development of joints in high-pressure concrete pipe 

The type of joint used was one of the main problems in the development 
of high-pressure concrete pipe because the pipe was no better than the joint, 
and in many respects it was often easier to develop the pipe than it was to 
develop the joint to withstand the same pressures. 

In 1914 the Lock Joint Pipe Co. used a copper expansion joint which con- 
sisted of copper strips embedded in the ends of the concrete pipe sections 
and brazed together in the trench. The copper was then protected on the 
outside and on the inside by hand-placed concrete mortar. 

Hume generally used the concrete collar joint which was a reinforced 
concrete collar fastened to one end of the pipe to form a bell, the spigot end 
of the next pipe section being slipped into this bell and then caulked by hand 
with relatively dry, cement-sand mortar. 

In 1919-1921 at Cumberland, Md., and Norfolk, Va., A. M. Hirsh and the 
Lock Joint Pipe Co. developed the hand-caulked lead-gasket joint in metal 


end rings embedded in the concrete which was either cast or centrifugated 
on the inside of a welded steel cylinder, and which in turn was protected 
on the outside by concrete either cast or placed by the brush-coat method. 
In 1922 the same type of lead-gasket joint was hand caulked into steel joint 
rings which were welded directly to the welded steel cy linder and then covered, 
both on the inside and the outside, with concrete. 


Shortly thereafter the sanitary engineering profession accepted in place 
of the lead gasket such rubber devices as the single rubber-gasket joint em- 
bedded in a groove, the double rubber-gasket joint with steel collar, and 
others evolved by the Lock Joint Pipe Co. of New Jersey; the single rubber- 
gasket joint as made by Fred Cornelius of the Stanton “eo Works in England 
and the double rubber-gasket joint with concrete collar invented by Elmer 
Johnson of the Concrete Conduit Co. in California. The guiding principles 
in the use of rubber in the joint of high-pressure concrete pipe are that the 
rubber be under compression on all or nearly all of its exterior surface, and 
that the weight of the pipe shall not rest on the rubber. 

Prestressed concrete pipe 

In 1930 J. E. Miller and the Lewistown Concrete Pipe Co. of Hillside, II1., 
constructed a prestressed concrete pipe line for the city of Chicago to with- 
stand 100 psi. The pipe was made centrifugally by a process similar to Hume’s 
and then wrapped with high-tensile steel wire, which in turn was protected 
by a coating of cement-sand mortar placed dry and with considerable force 
by a series of steel brushes which threw the mix against the outside of the 
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centrifugal pipe after it had 
been wrapped with the high- 
tensile wire and while it 
was being rotated on a 
machine similar to a lathe. 
In 1942 A. M. Hirsh and 
the Lock Joint Pipe Co. of 
New Jersey constructed a 
fuel-oil pipeline for the 
Navy at Norfolk, Va., to 
withstand 300 psi using a 
thin steel cylinder lined on 
the inside with concrete 
placed centrifugally, and Fig. 4—Large-diameter concrete pipe being loaded on a 
wrapped on the outside flat car in Michigan in 1924 
with high-tensile steel wire which in turn was ‘coated with a cement-sand 
‘mortar placed by the brush-coat method or by a heavily reinforced cast 
coating. Here again the steel end rings were welded to the steel cylinder. 
The latest variation of this is a thin-steel cylinder coated on the outside and 
inside with concrete and then wrapped with prestressed wires which are 
protected by a later coat of concrete. 


Large-size concrete pipe 

A relatively dry mix is used for large-size cast pipe; the mix is placed in 
the form and vibrated both. internally and externally with either high- 
frequency low-amplitude or low-frequency high-amplitude vibration. This 
method is used to make much large size (up to 15 ft in internal diameter) 
concrete pressure pipe generally for low heads such as experienced in force 
sewer mains. George Redding and the Massey Concrete Products Co. pio- 
neered an extremely rugged, elliptically-shaped pipe using circular reinforce- 
ment while the Cretex Co. was the first to promote hydraulically efficient 
shaped and flared inlets. 

Examples of large-size concrete pipe are shown in Fig. 4, 5, 6, and 7. 
Fig. 4 introduces a historical note by illustrating large-size concrete pipe 
being loaded on a flat car in 1924; Fig. 5 and 6 illustrate modern examples 
of manufacture. Laying of large-size concrete pipe, to be used as an aqueduct, 
is shown in Fig. 7. 


Johnson and Prosser in the 1930’s in Colton, Calif., invented a spinning 
process whereby the pipe form is rotated on the bottom inside of a larger 
permanent roller in such a manner that there is considerable vibration and 
jarring as well as centrifugal force used in placing the concrete on the wall 
of the pipe form. 


The Concrete Products Co. of America at Pottstown, Pa., manufactures 
concrete pipe in larger sizes by the vacuum process. George Jessen of Salt 
Lake City has experimented extensively with his Cen-vi-ro process which 
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uses a combination of spin- 
ning, vibrating, and rolling 
in that the form is spun 
on an eccentric which adds 
vibration while a metal axle 
inside the form rolls the dry 
mix into place. This latter 
process works the mix to 
such an extent that it is 
with great difficulty that 
the machine is held to- 
gether. The same problem, 
but to a lesser degree, is 
found in all the centrifu- 
gating and high-vibration 
methodsinthatevery action 
has an equal and opposite 
reaction, thus equipment 
has to absorb the same 
amount of energy expended 
in placing the concrete. 


Rocla method 


Fig. 5—Manufacture of 24-ft lengths of concrete pipe in In 1948 Francis J. 
various stages. Left: the forms; center: steam-curing chamber : : 
being removed from cured pipe; and right: finished section Fitzpatrick of the Rocla 


Concrete Pipe Co., Ltd. of 
Melbourne, Australia, brought his method to this country. It consists of a 
form for the outside of the pipe, hung from and rotating on a heavy axle. 
An extremely dry harsh mix with a high percentage of large-size aggregates 
is then pounded into place by the axle as the mix is caught between the axle 
and the form during the relatively slow rotating process. Although the 
centrifugal process is used in this method, the resultant concrete pipe wall 
is more rolled and pounded into place than centrifugated. Excess water is not 
expelled by centrifugating as in the Hume process because in this case there 
is no excess water to start with. In Australia the Cornelius joint is used 
with this process. 


CONCLUSIONS 


This brief paper has merely outlined the broader technical developments 
in the concrete pipe manufacturing field over the past 50 years. The different 
steps seemed to follow each other in order—hand tamping, mechanical tamp- 
ing, packing with the packerhead, casting with variations of vibration and 
vacuum process, centrifugating, pounding or rolling, and many variations 
thereof such as tamping with vibration, or centrifugation with rolling and 
vibration. The goal has been to use a mix with no more water than necessary, 
a relatively large percentage of coarse aggregates as compared with the 
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thickness of the pipe wall, 
and this dry harsh mix 
placed in the pipe wall by 
some form of compaction. 
The average quality of the 
concrete in all these meth- 
ods, by whatever standard 
measured — density, com- 
pressive strength, unit 
weight, absorption, surface 
smoothness, and tolerance 
in dimensions—excels, or 
is the equal, of any com- 
mercial concrete in any Fig. 6—Longitudinal wire being welded to the circumferential 
other branch ofthe concrete wire already wound on mandrel. The mandrel will be 
industry. And yet the collapsed slightly to allow removal of the reinforcing cage 


for a section of large-diameter pipe 
developments go on, as 


witnessed by the fact that there are in this country today at least fifteen 
secret experimental machines where ingenious men are trying to make 
concrete pipe better, quicker, and cheaper. 
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Notable Concrete Structures—Old and New 


Continued from p. 500 


Courtesy The Shawinigan Engineering Co., Ltd. 


Hydroelectric power development of The Shawinigan Water and Power Co., on the Upper 


St. Maurice River, Quebec, Canada, features a high-velocity curved channel spillway. 
pleted in 1951, the main dam rises 232 ft above the rock foundation. 


Com- 


A special problem exists 


in that about 40,000,000 logs pass over the dam during the summer season on their way to 


paper mills downstream. 


Courtesy U. S. Bureau of Reclamation 

Main Canal, Columbia Basin Project, Wash., 

built 1946- 1950, was designed for a flow of 
13,000 cu ft per sec. Canal lining operations 
shown include, from foreground, the trimmer, 
the lining machine, the finishing jumbo, and the 
curing as Since 1902, approximately 20,- 
000 miles of canals have been designed and 
constructed on reclamation projects, with ca- 
pacities ranging from a few cu ft per sec up 

to 16,000 cu ft per sec 


Designed and built by The Shawinigan Engineering Co., Ltd. 


Courtesy International Engineering Co., Inc. 


Largest underground power chamber in the 
world—Kemano Power Chamber, British 
Columbia, Canada, built 1951-1954. The 
excavation is 139.25 ft high, 81.5 ft wide, 710 
ft long. The roof is supported by a reinforced 
concrete arch with an effective span of 94 
ft, 2.5 ft thick at the crown and 5 ft at the 
springline. Designed by British Columbia 
International Engineering Co., Ltd. Contractor 
— Morrison-Knudsen Co. of Canada, Ltd. 
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NOTABLE CONCRETE STRUCTURES 


First concrete shell dome built in the United 
States was the Zeiss-Dywidag shell roof 
for the Hayden Planetarium of the American 
Museum of Natural History, New York 
City, in 1933. The hemispherical dome, 
supported at eight em as a diameter 
of 80% ft Foo. gl in. thick except for 
the first 9 ft from the ‘soringline where it is 
3% in. Architect—Trowbridge & Livin 
ston. Engineer—Weiskopf & Pickworth. 
Consultants for shell structure—Roberts & 
Schaefer Co. Contractor—White Con- 
struction Co., Inc. 


Courtesy Roberts and Schaefer Co. 


Courtesy Nils Tengvik (Malmo) 


Cable conveyor built 1938-1940 at the cement plant at Koping, Sweden. Crossing Lake 
Hialmar, the conveyor is 41 km long. The 45 m high circular masts were constructed with 
sliding forms. Designer and contractor—Skanska Cementgjuteriet 


Courtesy G. Magnel (Ghent) 


Prestressed concrete continuous bridge over the Meuse River, Sclayn, Belgium, utilized the 

Blaton-Magnel prestressing system. The bridge has two spans of 206 ft each; the roadway is 

23 ft wide with two cantilevered sidewalks 5 ft wide. The cross section is cellular, with 36 

prestressing cables of 48 wires 0.276 in. in diameter inside the box girders. Consulting engineer 
—Birguer. Contractor—Entreprises Blaton-Aubert 
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NOTAELE CONCRETE STRUCTURES 


Precast concrete hangars under con- 
struction for the U. S. Navy aft 
Whidbey Island, Wash., and 
Oceana, Va., consist of precast 
arch framing, 150 ft wide and 
240 ft long, mounted on two-story 
abutment bents. The arch ribs are 
of hollow cross section and thin-shell 
precast ribbed panels are utilized 
in the roof framing. Design prepared 
by Kistner, Curtis & Wright, based 
on schematic design by A. Amirikian. 
Contractor at Whidbey Island, Strand 
& Sons; at Oceana, Virginia Engi- 
neering Co. 


Courtesy U. S. Navy, Bureau of Yards 
and Docks 


Largest structure to date built by the 
lift-slab method is the 1500-man 
barracks under construction at the 
U. S. Naval Amphibious Base, 
Little Creek, Va. Engineers 
Knappen-Tippetts-Abbett- McCarthy 
in association with Woodward, 
Oliver & Smith, Architects. Con- 
tractor—Lang Construction Co. 


Courtesy Knappen-T ippetts- Abbett-M cCarthy 


Central motif of the Oregon State 
Capitol, Salem, Ore., built in 1940, 
is a large reinforced concrete 
cylindrical backing for the tower 
which is carried on reinforced con- 
crete framing below. Architects 
Trowbridge, Livingston and Francis 
Keally; Whitehouse and Church, 
associate architects. Consulting 
engineers — Seelye, Stevenson, 
Value & Knecht. Contractor 
Ross Hammond & Co. 


Courtesy Seelye, Stevenson, Value & Knecht 


First major prestressed concrete 
bridge in the United States was 
alnut Lane Memorial Bridge, 
Philadelphia, Pa., built 1949-1950. 
With girders precast, the bridge is 
simply supported over three spans, 
a 160-ft center span and two 74-ft 
side spans. Structure was engineered 
by the Bureau of Engineering, Sur- 
veys and Zoning, City of Philadel- 
phia, and Preload Engineers, Inc. 
General contractor—Henry W. Horst 
Co., with Preload Construction Corp. 
subcontractor for the prestressed 
girders 
Courtesy Portland Cement Assn. 





Title No. 50-30 


130-Ft Span Hangar in Precast Concrete’ 


By OTTO SAFIRT 


SYNOPSIS 

Structural requirements, system used, and details for a 130-ft precast 
clear-span hangar, 160 ft long, are described. An unusual requirement was 
that the whole of the superstructure could be disassembled and re-erected at 
a different location. This led to the adoption of a structural system utilizing 
bents made up of precast members. Important structural details, method of 
erection, and full scale test loading data on one bent are also considered in 
addition to cost figures for the structure. 


INTRODUCTION 


The hangar superstructure described is of reinforced concrete built of pre- 
cast elements, which were limited in size by stress considerations and ease 
of handling. Effective illustration of what can be done in building up a large 
structure from small precast elements is depicted in this 130-ft span hangar. 

Using a structural system especially adapted for this job, bents were 
erected from precast units which were joined dry, and junctions of the structure 
were constructed as hinges, transmitting only mormal and shear forces but 
no bending moments. 

The hangar was designed for Royal Canadian Air Force requirements 
which stipulated a 130-ft clear span, 20-ft clear height at the sides, a 30-ft 
minimum height for the center 60 ft of width, and as high near the center 
as economically feasible.. Side bays approximately 18 ft wide along both 
sides of the hangar area proper were required to accommodate offices and 
work shops. 

In addition, the structure was to be fire resistant and capable of being 
erected in northerly areas which permit outside building operations only 
during a short season. The design was to serve as a standard for hangars of 

varying lengths using 160 ft as the basic unit, and it was further stipulated 
that the whole of the superstructure could be disassembled and re-erected 
at a different location. 


STRUCTURAL SYSTEM 


To comply with these requirements, a structural system was devised in 
which the center bay, the actual hangar area, is covered by three-hinged 
arches of 110-ft span and 18-ft rise (Fig. 1). Side bays are framed with 


*Presented at the ACI 50th annual convention, Denver, Colo., February 24 1954. Title No. 50-30 is a part 
of copyrighted JouRNAL oF THE AMERICAN Concrete INstirutTe, V. 25, No. 7, Mar. 1954, Proceedings V. 50 
Separate prints are available at 35 cents each. Diseussion (copies in triplicate) should reach the Institute not 
later than July 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Consulting Engineer, Vancouver, B. C., Canada. 
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three-hinged members; the sloping roof beam of this frame with the external 
column forms one unit and is referred to as the “lean-to’”’ member. It is 
hinged to the vertical main column, which projects upward above the lean-to 
member and cantilevers 10 ft into the center bay to support the main three- 
hinged arch. The whole assembly of one bent consists of two three-hinged 
frames supporting the three-hinged arch, and is built up of six precast con- 
crete members: two arch ribs, two cantilever columns, and two lean-to 
members. In this way the structure-is statically determinate and therefore 
is not affected by variations in temperature, shrinkage of concrete, or uneven 
foundation settlements. 


Furthermore, the structural system is laid out in such a way that most of 
the dead load or evenly distributed live load is transferred to the external 
columns (lean-to members), through which the horizontal thrust is also 
transmitted. Vertical load in the main columns at the ends of the 130-ft 
span is small, and under certain loading conditions a slight uplift force occurs 
which is counteracted by the weight of the foundation to which the main 
columns are anchored (Fig. 1). By concentrating the vertical load, the 
greatest possible friction can be developed in the foundation to resist horizontal 
thrust, and thus the foundation can be kept comparatively small. Main 
foundations are continuous reinforced concrete strips connected to the foun- 
dations under the cantilever columns by reinforced concrete ties to increase 
sliding resistance. 


The arrangement of bents allows for ample natural lighting of the hangar 
area, with windows approximately 7 ft high between the upper part of the 
cantilever columns above the roof over the lean-to areas. 


It was found desirable to keep the maximum weight of the precast members 
below 12 tons so that standard truck cranes could be used for erection, which ex- 
plains the comparatively close spacing of 10 ft from center to center of bents. 
Bents support on their extrados narrow precast reinforced concrete roof 
slabs. These have purposefully been kept narrow, generally 18 in., so as to 
form a curved roof. As there are no purlins, lateral stability of the whole 
assembly is safeguarded by reinforced concrete stiffeners between the main 
bents which carry the lateral forces to adjustable steel wind bracings in the 
two center bays (Fig. 1). 


STRUCTURAL DETAILS 


Concrete in the hangar superstructure was designed for a cylinder strength 
of 4250 psi with 3000 psi for the roof slabs. Design was in accordance with the 
Canadian National Building Code for a snow surcharge of 40 lb per sq ft 
over the full length of a bent or parts of a bent depending on whichever 
caused the most unfavorable conditions and for wind loads causing pressure 
or suction, also in accordance with the Canadian National Building Code, 
but assuming a basic wind pressure of 30 lb per sq ft instead of 20 as specified 
in the code. 
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Fig. 2—Hinge detail 


Arch ribs have a developed length of approximately 60 ft, and are 10 in. 
wide throughout, varying in depth from 15 to 26 in., and each rib weighs 
approximately 64 tons. Cantilever columns are 12 in. wide and weigh 
approximately 744 tons each. Lean-to members are 15 in. wide with a 
maximum depth of 4 ft 10 in. and weigh 11 tons. 

The main hinges connecting the precast members are made of cast steel, 
which includes the three hinges of the three-hinged arch and the top hinges 
of the two outside frames. Although maximum pressures in these hinges 
differ somewhat, all hinges are alike. To allow for adjustments, not only 
in the plane of the bent but also perpendicular to this plane, the hinges 
were designed as “ball-and-socket”’ type hinges with spherical contact sur- 
faces, the convex surface curved to 8 in. radius and concave surface to 914 


in. radius. The shear force, which is small in any one of these hinges, is trans- 
mitted through a small tapered steel pin in the center of the hinge which 
allows for sufficient angular movements. Hinges were placed in the forms 
prior to casting the concrete members and anchored by four 5-in. diameter 
steel bars welded to the base of the hinge body and surrounded with a steel 
spiral. Fig. 2 shows the convex part of the hinge assembly and Fig. 3 shows 
the end of one of the arch ribs with the concave hinge in place. 


Main hinges between the foot of the lean-to member and the foundation 
were formed of concrete. A small precast block with a curved surface having 


Fig. 3—End of arch rib with hinge 
in place 
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4—Bearing block of main 


a slightly larger radius than the curved end of the lean-to member was placed 
in the foundation prior to erection of the superstructure, and in erection a 
sheet of medium soft lead was interposed between the two curved surfaces. 
The shearing force is taken by a 2-in. diameter steel pin which projects from 
the bearing block, is slightly tapered, and engages in a steel ferrule placed 
in the lean-to member (Fig. 4). 

Because small forces only were involved, no special structural measures 
were taken for the hinge at the foot of the cantilever member. At the base, 
the width of this member was reduced to 8 in. and fastened by a steel bolt 
engaged in a U-shaped flat steel strip projecting from the foundation. 

Use of the cast-steel hinge elements simplified checking dimensional accu- 
racy during the precasting, with the main critical dimensions being those 
between hinge points. Using the steel units these dimensions could readily 
be checked and kept within the permitted tolerances. 

For smaller connections, such as the stiffeners to main bent and roof slabs 
to main bents, extensive use was made of metal inserts consisting of coarse- 
threaded spirals with steel loops welded on, or assemblies of two such spirals 
with an over-all length corresponding to the width of the concrete member 
(Fig. 3). These inserts facilitated ready attachment during erection using 
coarse-thread bolts, and steel angle cleats at the end of the stiffeners to make 
the connections. 

Members were designed in such a way that the lean-to and cantilever 
units were cast horizontally and tilted into position for erection, while arch 
ribs were cast upright on a curved casting bed so as to avoid undue handling 
stresses. 


ERECTION 


After precast members had reached sufficient strength for handling, generally 
at 14 days, erection commenced by positioning the lean-to members first 
supported on adjustable struts. Cantilever columns were then erected and 
connected at the hinges to the lean-to members with the help of temporary 
steel straps. Stiffeners connecting adjacent frames and, in the first bays, 
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Fig. 5—Erecting arch ribs with 
raking struts 


diagonal bracing were placed next, and the operation repeated on the opposite 
side. 

A special method was developed for erecting the arch ribs so as to impose 
no undue strains on any part of the frame members. The arch exerts at its 
springings vertical and horizontal reactions due to dead and live loads and 
it appeared desirable to cause similar reactions at the end of the cantilever 
member during erection. Furthermore, the arch rib is not strong enough to 
span, as a simply supported beam, its full length carrying its dead weight. 
For these reasons the following erection method was adopted. 

A central erection tower, wide enough to support three bents, was used. 
Each arch rib was fitted during erection with a temporary raking strut whose 
length could be adjusted with the help of a built-in serew jack supported 
on the erection tower. Fig. 5 shows the erection of one arch rib with the 
raking strut attached and the arch rib on the left side supported on such a 
strut. The angle of the raking strut was determined so as to cause a horizontal 
thrust in the same proportion to the vertical load as is caused in the com- 
pletely assembled structure. This made it possible to place individual arch 
ribs in a slightly superelevated position supported on the cantilever column 
and on the raking strut without causing a distribution of stresses in the 
outside frame members different from the final stresses. When pairs of arch 
ribs were thus placed and connected together with stiffeners they were lowered 
on the screw jacks in the raking struts until.the crown hinges were brought 
into contact. 

TEST LOADING 


At the request of the owners, a full scale test loading was carried out on the 
actual structure. For this purpose, three bents were erected first and the 
center bent was subjected to the loading test. Fig. 6 shows the three bents 
in position prior to the loading test with the erection tower moved slightly 
but left in position to enable observations to be made. The purpose of this 
test loading was to determine the deflection recovery of the structure under a 
surcharge corresponding to 11% times the design live load for two cases: 
applied over the full length of the bent and applied as unsymmetrical loading 
on one-half of the bent only. 
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Fig. 6—Test bents erected with erection tower in position for loading observations 


The equivalent of the missing dead weight and the actual test loading 
was applied by piling sacks of cement, the weight of which was checked, 
on a continuous platform supported on steel wire cables from the bent under 
test. This platform hung approximately 2!5 ft above ground level, with the 
weight of the platform and the additional dead weight equivalent left in 
position throughout the test. Test loading was applied uniformly until its 
full value was reached and the structure was left under load for 24 hr after 
which the test load was removed. This same procedure was repeated for the 
second test loading applying the 1's times live load equivalent over one- 
half the length of the bent, 7.e., from the crown of the arch to the outside of 
the lean-to member on one side. 

As only the center bent was loaded, special precautions were taken to 
insure that no load was transmitted to the outside bents. Stiffener connections 
and wind bracing, wherever possible, were loosened and the lateral rigidity 
of the structure safeguarded in a different way. Strain gage readings were 
taken at the wind bracings left in place and in this way it was ascertained 
that no load was transmitted through the wind bracing members from the 
center to the outside bents. 

Vertical deflections were measured at the crown of the arch rib and at two 
points along the one-half of the arch on both sides. Vertical and horizontal 
movements were measured near the hinges connecting the arch ribs to the 
cantilevers and connecting the cantilevers to the lean-to members and at 
the foundation level near the lean-to hinge. 

Total deflections measured were comparatively small, approximately 
%¢ in. in the center of the bent under maximum load, which is only 1/4000 
of the center bay span. Because of the small deflection, accuracy of the read- 
ings was of great importance and the tolerances as evaluated were between 
— 0.01 to — 0.015 in. Furthermore, measured deflections were affected by 
temperature variations, small as they were, as will be shown later. 


The structure showed 75 percent or more recovery of the deflections soon 
after removal of the full load applied over the whole length of the bent, and 
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Fig. 7—Structure of 160-ft hangar 
complete—outside view 





the same was observed on the second test loading applied over one-half of 
the span. 

In a second series of tests, movements of the unloaded structure due to 
ambient temperature variations were observed. A considerable time lag of 
approximately 6 hr was noted between maximum air temperature and maxi- 
mum rise of the crown. For a temperature variation of 10 F the measured 
movement of the crown was approximately 0.12 in., whereas the calculated 
movement was 0.17 in. 

After the loading tests the structure for the 160-ft hangar was completed 
(Fig. 7 and 8). 

Cost of the precast superstructure of this 160-ft hangar comprising bents, 
stiffeners, roof slabs complete with all fittings, and erected in place amounted 
to approximately $134,000 giving a unit cost of $5 per sq ft of covered area. 


@Gens 


<8 - 


Fig. 8—Structure of 160-ft hangar complete— 
inside view 





Title No. 50-31 


Method for Estimating Water Content of Concrete 
at the Time of Hardening’ 


By JAMES S. BLACKMAN? 


SYNOPSIS 


Method for determining the original water content of concrete, at the 
time of hardening, is presented along with the influence of time-temperature 
conditions of dehydration, character of aggregate, and age and exposure of 
concrete on the method. Conclusions drawn show that: (a) water content at 
the time of hardening can be determined satisfactorily, after saturation by a 
24-hr immersion, by dehydration at 1100 F for 2 hr, (b) composition of aggre- 
gate may affect results if volatilization of aggregate constituents occurs, and 
(c) age and exposure conditions of concrete specimens do not appear to affect 
test results. Sample computations for age and aggregate series of tests are 
included in an appendix. 


INTRODUCTION 


Portland cement concrete is one of the few structural materials that is 
largely prepared from raw materials at the job site. For this reason con- 
crete, by the nature of its preparation, falls heir to a variable set of conditions 
which may result in lack of control of the required physical properties. 
Among other things that affect the physical properties of concrete are the 
quality, quantity, and gradation of aggregate, physical and chemical proper- 
ties of cement, quantity of mixing water, and methods used for mixing and 
placing the concrete. 

Concrete technologists are not always able to account satisfactorily for 
the varied performance of concrete in service, and while a great many factors 
affect that performance, perhaps the most profound changes in physical 
properties occur with variation in the amount of mixing water, most notably 
in the original placeability, and in the final strength, absorption, and 
durability. 

Tests and investigations of existing structures frequently present the 
necessity for determining the amount of materials originally used in a con- 
crete. The construction record traditionally shows the amount of cement 
and aggregate, but much less frequently the amount of water used. There 
is always the possibility of extra water being added to the concrete unknow- 
ingly, as well as deliberately, to reduce the cost. The usual practice of storing 
of carpvidhaal Sounuat, or von Ausmoas Coucupen temmsena, ¥, Sk Wel, die, tet, Pome te 
inter thar July 1, 1054, Address 18263 W, MoNichols Red., Detroit 19° Mick nowt Tench the Inatitute not 
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aggregates out-of-doors with the resultant variation in moisture content, 
coupled with the all too frequent practice of assuming a percent of moisture 
in aggregates, results in lack of control of the original water content, and 
corresponding inaccuracy in determining the amount of water to be added 
at the mixer. In the investigation of concrete in an existing structure, what- 
ever its age, determination of the water content at the time of mixing is a 
fundamental consideration. 


George W. Burke! in 1923 found that dehydration at 700 C for 3 hr reduced 
concrete to the original dry weight of the aggregate and cement. Preliminary 
tests by the author early in 1951 indicated that not only the capillary water 
_may be driven out of a hardened concrete but that the gel water* may also 
be driven out, given a high enough temperature and sufficient time. In 
preliminary tests, made on laboratory samples of concrete of known pro- 
portions, the “saturated” weights of the hardened samples were reduced to 
the original weight of the dry materials when heated at 1300 F for 3 hr. 
“Saturation” as used here, means that amount of saturation that results 
from immersion in clear water at 75 F for 24 hr. <A longer immersion time 
might have increased the degree of saturation but would also have lengthened 
the test. Immersion for 24 hr was selected because it is well beyond the time 
in which the rate of absorption would be predictable? and still not so extended 
that the test would be delayed unduly. 


Preliminary tests raised three questions: (1) What is the minimum time 
and temperature at which a saturated hardened concrete will be reduced to 
the original weight of dry materials? (time-temperature series) (2) When 
an appropriate time and temperature are determined, is the test applicable 
to concretes making use of any aggregate? (aggregate series) (3) Is the 
test applicable to concretes of considerable age and exposure? (age series) 

Investigations of the effect of these conditions and the methods used and 
test data are presented showing that the original water content at the time 
of hardening can be determined for most concretes with reasonable accuracy. 


TIME-TEMPERATURE DETERMINATION 


Time-temperature determination was made upon concrete having sand- 
gravel aggregate, a single brand of cement, and two different water-cement 
ratios at each time and temperature. Dry materials were weighed and placed 
in a paraffin-coated paper container and mixed dry with a small brass 
stirring rod for 1 min. A measured weight of water was then added to the 
dry material which was then mixed wet for 2 min. After mixing, the specimen 
and container were checked for gross weight, and the sides were lightly tapped 
to remove as much: entrapped air as possible. Paraffined lids were placed on 
the containers to reduce the effect of carbonation, and specimens were then 
stored in the moist room at 80 F until test time. 


*Gel water, as used here, is taken to mean that water held in the hardened cement gel by any of the varying 
types of bond, physical or chemical. 





ESTIMATING WATER CONTENT OF CONCRETE 


Fig. 1—Electric furnace used for dehydrating 
specimens 


Prior to dehydration, specimens were stripped from the paraffined containers 
and immersed in clear water for 24 hr followed by blotting of specimen sur- 
faces with terry cloth to remove surface water and water in what were once 
air voids in the aggregates or cement paste. Saturated weight in air and in 
water were taken, after which each specimen in its own covered cast-iron 
crucible was placed in an automatically-controlled, temperature-recording, 
electric oven (Fig. 1) at the variety of times and temperatures indicated in 
Table 1. Fig. 2 shows the crucibles and specimens used in the different 
test series. 


The first two specimens placed in the oven at 1300 F exploded, probably 
due to vapor pressure building up within the specimen at a faster rate than 
it could escape through the skin. Prior to all subsequent dehydrations each 
specimen was wrapped in heavy cloth and reduced to egg-sized fragments 
with as few strokes of a ball-peen hammer as possible. It appeared that the 
specimen should not and need not be reduced to smaller fragments, since 


Fig. 2—Specimen types for the 
three series 
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TABLE 1—TIME-TEMPERATURE SERIES — 


| 
Mix B 
W/C by weight 0.664 (7% gal. per sack) W/C 0.532 by weight (6 ary per sack) 
Or iginal weight of dry materia 8 667 Zz Original weight of dry materials 667 £ 
Drying time- 3 hr Drying time—3 hr 
Weight, : Weight, 
Temperature, Specimen | saturated | Dehydrated Specimen saturated Dehydrated 
deg F N | surface dry, g | weight, g No. surface dry, g weight, g 


1300 J 750 | Exploded B-2 751 Exploded 
1200 j 766 669 B-8 753 664 
1100 A-l: : 667 B-14 755 667 
1000 A-If 766 669 B-20 754 669 
900 A-25 76s 677 B-26 756 675 


SOO A-! 773 679 -32 755 678 
Drying time—2 hr Drying time—2 hi 
| ™ — ! 
| 56 16: ” 753 
| 753 

753 
756 
754 
753 


Drying time—1 hr Drying time—1 hr 


] 


- 

é 

773 B-12 
7 i7 B-18 
7 B-24 
7 B-30 
7 B-36 


it is the denser mortar adjacent to the contact surface of the form that re- 
stricts the escape of interior water at high temperatures. A single fracture 
through the specimen appeared to permit adequate escape of the interior 
water. Cloth wrapping eliminated the loss of material during crushing since 
all fragments were carefully brushed out of the cloth into the crucible. In 
no case was there more than 0.5 percent loss in solid weight due to crushing. 

From the results of the time-temperature series (Table 1) a dehydration 
temperature of 1100 F for 2 hr was selected. Selection of the time and 
temperature was made on the basis of the reduction to the original weight of 
dry materials. 


AGGREGATE SERIES 


High temperature treatment is known to alter the constituents of some 
aggregates, particularly those of a calcareous nature. Thus any high 
temperature test for water content should, if possible, be conducted at a 
temperature low enough to confine the loss in specimen weight to water 
alone. For this reason 1100 F was selected from Table 1 instead of 1200 F 
which might appear to be equally acceptable. 

As a means of further checking the high temperature test, a series of 
3 x 4 x 16-in. beams were cast of concretes having a considerable range of 
aggregate composition as shown in Table 2. Each aggregate was tested for 
loss at 1100 F for 2 hr, after being dried at 100 C for 24 hr. Only one of the 
several aggregates showed a significant loss under this treatment. Correction 
for this loss is shown in Table 2. Approximately 900-g samples were broken 
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TABLE 2—AGGREGATE SERIES* 


Specimen Aggregate character 
weight, Original Dehy- Original w/c - - 
Specimen | saturated weight drated w/c by test Error, Compo- 
No. surface of dry weight, g by weight! (weight) percent Description sition, 
dry, g materials, g percent 


BM 1-1A 887 824 825 0.459 0.453 : Nebraska sand grave! 
Fine aggregate 
Coarse aggregate 
Siliceous, water worn 


BM 2A-1A 83} 0.642 58! 7 South Dakota pink 
marble 
Nebraska sand 
Sharp 


BM 3-1A 85! 798 0.455 Kansas sandstone 
Nebraska sand 
Siliceous, sharp 


BM 4-1A 978 906 0.476 ; : Nebraska limestone 
} Nebraska sand 
Calcareous, sharp 


BM 5-1A ‘ ; 0.489 d : Kansas sandstone 
Nebraska sand 
Siliceous, sharp 


BM 6-1A f 876 f + Lansing, Mich.,gravel 
Lansing, Mich., sand 
Dolomitic limestone 
gravel, water-worn 
siliceous sand 
8117 0.498 .f +-6 Chicago gravel 
Chicago sand 
Dolomitic limestone 
gravel, water-worn 
siliceous sand 


*Age of all specimens at test was 28 days. 
tIncludes 5.817 percent loss in weight of coarse aggregate at 1100 F. 


out of each beam in full cross section to insure that the sample was repre- 
sentative of the specimen. The 900-g sample size was selected so that the 
dehydrated sample when weighed to the closest gram would introduce no 
more than an approximate 0.1 percent error. 


After 24-hr immersion in clear water at 75 F, and immediately prior to 
weighing, the surface of each sample was blotted dry with terry cloth 
care being taken that water in the irregularities of the broken surfaces was 
removed. The length of the nap of the terry cloth made it an admirable 
material for this purpose. Dry weights of materials for each sample were 
computed from the original mixer weights of each concrete. Computations 
were based on the saturated surface dry weight of the sample of that con- 
crete. Table 2 gives the results of the aggregate series tests, and Appendix | 
shows a sample computation for the series. 


AGE SERIES 


Concrete continues to harden in the presence of water long after the 
curing period. Preliminary high temperature tests were run on 28-day 
samples, and the question arose of whether concretes of considerable age 
and exposure would react in a manner similar to 28-day concrete. It was 
felt that cement pastes which had continued to hydrate over a long period 
might give up their combined water less readily than those of lesser ages. 
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TABLE 3—AGE SERIES 


| Specimen Original | | | | 
Specimen weight, | weight Dehydrated) Original | w/C | Error, | Specimen 
No. | saturated | of dry weight, g | r/C | by test | percent | 
surface dry,g| materials, g | by weight | (weight) 
| 


|--—--———- — 


| : .547 
766 767 531 523 
857 850 | 538 587 
780 | 9% | 539 "546 
957 956 521 | 528 
806 803 .530 559 


| 
} 


| 814 812 
| 


As a means of checking the high temperature test further, samples were 
obtained of four concretes eight years old and two concretes one year old. 
These samples were taken from research beams made at Kansas State College 
under the direction of C. H. Scholer. The research record showed the original 
weights of all materials including mixing water, which provided an ideal 
check on the test. All samples had been cured in the moist room for 28 
days and then stored out-of-doors. 

Samples of approximately 900 g were broken from each beam. After 24-hr 
immersion in clear water at 75 F, and prior to weighing, the samples were 
blotted with terry cloth to remove water from surface irregularities. Weights 
of dry material and of water were computed for the weight of each sample 
from the original recorded mixer weights of each concrete, based on the saturated 
surface dry weight of the sample of that concrete. Table 3 gives the results 
of tests on concretes of considerable age and exposure, and Appendix 2 shows 
a sample computation for the age series. 


DISCUSSION 

The high temperature test for water content at the time of hardening of a 
concrete is predicated on the idea that, within the limitations of ordinary 
measurement, water will reoccupy the pore space in a concrete from which 
it has evaporated. Thus if a hardened concrete is saturated, it should contain 
the same weight of water that was added to the original dry materials. If 
in turn the saturated specimen can be dehydrated, the loss in weight will 
represent the weight of water at the time of hardening. Water lost by 
bleeding will not be indicated by the test for it is not a part of the volume 
of the hardened concrete. 

Experimentation was carried out to determine the minimum time and 
temperature at which a concrete would be dehydrated to the original weight 
of dry materials, that is, the water driven off. Table 1 shows that the original 
weights of dry material were produced by dehydration for 2 hr at both 1200 F 
and 1100 F. The 1100 F temperature was selected to permit testing as far 
as possible below a point where the aggregate might be altered. It is noted 
that the dehydrated specimen weights as shown in Table 1 are progressively 
greater as the time is reduced below 2 hr, and the temperature below 1100 F. 
Since the weight of cement and aggregate (667 g) was the same for all speci- 
mens, the weight increase is taken as evidence of incomplete dehydration and 
the test time and temperature were taken as 1100 F and 2 hr, respectively. 
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Specimens of 0.664 water-cement ratios, with one exception (1300 F for 
2 hr), showed higher dehydrated weights than did the specimens of 0.532 
water-cement ratio. This appears to conform with the findings of Wilson 
and Martin,* who showed that hardened pastes of higher water-cement 
ratios retained more water at a given temperature than did those of lower 
water-cement ratios. 

Experimentation was then undertaken to determine whether variation in 
aggregate characteristics would seriously affect the determination of water 
content by dehydration at 1100 F for 2 hr. Coarse aggregates were selected 
ranging from dense limestone through vugular dolomitic limestone and 
marble, to well-cemented sandstone and granitic river gravel. In all cases 
the coarse aggregate was combined with siliceous river sand as fine aggregate. 
One aggregate showed significant loss at 1100 F for 2 hr, but this loss is 
compensated for in specimen BM 7-1C as indicated in Table 2. Prepared 
specimens were used for the aggregate series because of the difficulty of 
determining the exact amount of water added to field specimens. The percent 
error in the water content as determined by the test in the aggregate series 
varies from — 8.7 to + 7.1 percent of the original measured water content, 
with the majority falling between 1 and 3 percent. The- two specimens 
showing, respectively, + 6.4 and + 7.1 percenterror were made of vugular 
dolomitic limestone. It is possible that during saturation of these specimens 
the vugs took up water in addition to what they had held at the time of 
hardening, thus showing somewhat more water than had been originally 


used. No explanation is apparent for the — 8.7 percent error in specimen 


BM 2A-1A (Table 2). 


Experimentation was also carried out to determine whether concretes of 
considerable age and exposure would respond in the same manner to the 
determination of water content at the time of hardening as had 28-day con- 
cretes with no exposure. These specimens exhibited percents of error varying 
between — 1.5 and + 9.1 percent. Four of the six specimens showed percents 
of error of only 1 to 2 percent plus or minus. One specimen showing + 9.1 
percent error was made of sand-gravel aggregate that had 0.36 percent 
absorption and no visible vugular characteristics. Concrete in this specimen 
was eight years old and had been exposed to the elements in a moderately severe 
climate for the entire time. On the other hand, two specimens of the same 
age and exposure showed percents of error of + 2.43 and — 1.50 percent, 
respectively. There appears to be little difference in the results shown in 
Table 3 due to differences in age between one and eight years and between 
the results of Table 3 and those of Table 2 specimens all of which were 
28-days old. 


SUMMARY 


1. Water content of a concrete, at the time of hardening, can be deter- 
mined with the necessary accuracy by dehydration at 1100 F for 2 hr. 
2. Composition of the aggregate may have an effect on the accuracy of 
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results if volatilization of any of the constituents of the aggregate occurs at 
1100 F, or if an aggregate characteristic is vugular. From the limited number 
of tests run, it appears that concretes made of most commonly used aggre- 
gates may be tested in this manner with reasonable accuracy. 


3. Age and conditions of exposure do not appear to affect the results of 
the test significantly. 


4. Reference is made to ASTM Designation C85 “Standard Method 
of Test for Cement Content of Hardened Portland Cement Concrete,’’ 
1952 Book of Standards, Part 3, p. 1079. It is noted that by use of the method 
outlined in this paper for estimating water content and ASTM Designation 
C 85 for cement content, the aggregate content of a hardened concrete may be 
determined by difference. 
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APPENDIX 1—SAMPLE COMPUTATION FOR AGGREGATE SERIES 
(BEAM NO. 4-1A) 
Mixer weights, Ib 
Cement 6 
Fine aggregate 15 (Nebraska sand) 
Coarse aggregate 15 (Nebraska limestone) 
Water 2.78 
38.78 Total batch weight 


Proportions in 978-g test sample (weight in air saturated surface dry) 
6 


Cement ai 
38.78 


X 978 = 151.31 g 


Fine aggregate = — X 978 = 378.29 g 


Coarse aggregate : — < 978 = 378.29 g 


Water —— X 978 70.11 g 


978.00 g Total sample weight (check) 


Correct for moisture in air dry sample (0.27 percent fine aggregate; 0.27 percent coarse aggregate) 
Cement = 151.31g 
Coarse aggregate 378.29 — (0.0027 X 378.29) = . 377.27 ¢ 
Fine aggregate 378.29 — (0.0027 X 378.29) 377.27 g 
Water 70.11 + 1.02 + 1.02 = 72.15 g 
Weight of dry materials computed 905.85 g 
Weight of dry materials by test 908.00 g 
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> 


—_ ‘ ' 72.15 
Original water-cement ratio (by weight) 151.31 = 0.476 
_ , ; 70 
Test water-cement ratio (by weight) 2 = 0.463 
151.31 
Percent error of test result from original weight of materials in sample 
Original water-cement ratio (BM 4-1A) = 0.476 
Water-cement ratio by test (BM 4-1A) = 0.463 


0.463 — 0.476 
Percent error = { - —_ — } 100 — 2.7 
0.476 


APPENDIX 2—SAMPLE COMPUTATION FOR AGE SERIES (SPECIMEN N3HD)* 
Mixer weights, Ib 
Cement 12 
Combined aggregate 54 
Water _ 6.38 
72.38 Total batch weight 
Proportions in 893-g test sample (weight in air saturated surface dry) 


12 
Cement 893 148.05 
emen 72.38 x vg 


54 
Combined aggregate 70 38 X 893 = 666.25 g 
la. 


Water ~ R 78.71 g 


893.01 g Total sample weight (check) 


Note: no correction for moisture in air dry sample can be made for lack of information. 
Weight of dry materials computed = 814.30 
Weight of dry materials by test 812 ¢g 
aie , , 78.71 
Original water-cement ratio (by weight) 148.05 
81 
148.05 


Percent error of test result from original weight of materials in sample 
Original water-cement ratio = 0.532 
Water-cement ratio by test = 0.547 


0.547 — ro) 
——_—__——— } 100 


Water-cement ratio (by test) 


Percent error = ( 


2.82 
0.547 ™ 


*Specimen from Kansas State College—age eight years, 

















A 50th Anniversary Feature 


Notable Concrete Structures 


... Uld and New 


“The final test of progressive knowledge in 
the field of construction is the structure" 


In commemoration of the 50th anniversary of 
the American Concrete Institute, the ACI 
JOURNAL presents the second of a series il- 


lustrating concrete structures around the world. 


When completed in 1915, Arrowrock 

Dam, on Boise River, Idaho, was the 

world’s highest concrete dam (349.5 

ft). Base width is 293 ft, crest length 

1150 ft, crest width 15.5 ft, and 

578,053 cu yd of concrete were 
required 


Courtesy U. S. Army Corps of Engineers 


Pine Flat Dam, on Kings River, Calif., built 1947-1953, is one of the newer concrete giants 

built to subdue and put to work the flow of rivers. The dam is 440 ft high, width of crest 32 ft, 

total length of dam 1820 ft. Built under direction of Sacramento District, Corps of Engineers 
Contractor—Pine Flat Contractors. Engineer—Knappen-Tippetts-Abbett-McCarthy 
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NOTABLE CONCRETE STRUCTURES 


Pioneer extraordinary in reinforced concrete 
construction was Auguste Perret, famous 
r French architect, who was working with 
concrete as an architectural medium as early 
as 1903. When the Church of Notre Dame 
at Le Raincy, France, was built in 1923 it was 
popularly styled by the profession as ‘‘la 
Sainte-Chapelle’” of reinforced concrete 





- Courtesy Cement and Concrete Assn. (London) 


' Most conspicuous feature of the Termini 
: Station, Rome, Italy, completed in 1950, is 
the great curving concrete canopy that forms 
: the roof of the entrance hall and projects 
62 ft beyond it over the pavement. Entrance 
hall is about 170 ft deep and 420 ft long. 
This is a rigid structure of zig-zagged beams, 
graduated in depth and tied down by the 
main beam of the office block behind. The five- 
story office building is a reinforced concrete 
portal frame structure 34 ft deep and 760 ft 
long. Architect-engineer—joint effort of 
Signor Montuori, Leo Calini, and Signore 
Castellozzi, Fadigati, Pintonello and Vitellozzi 





Courlesy Cement and Concrete Assn. (London) 









Largest group of prestressed concrete digesters in the 

world at the Hyperion Sewage Treatment Plant, Los An- 

geles, Calif., built in 1948. Engineered by the City of 
Los Angeles, contractor was Pacific Bridge Co. 


Courtesy Preload Construction Corp. 





NOTABLE CONCRETE STRUCTURES 


South African Railways goods sheds, 
Kazerne, Johannesburg, Union of 
South Africa, completed in 1950. 
Reinforced concrete shell of the 
“received goods’ shed (upper left) 
covers 11% acres. Valley beams 
are 37 ft 6 in. on centers with spans 
up to 75 ft between columns. De- 
signer—A. S. Joffe. Contractor— 
Industrial Construction Co., Pty., 
Ltd. The ‘forwarded goods’ shed 
(right) covers 1314 acres. Valley 
beams are at 30-ft centers with 
spans up to 90 ft between columns. 
Designer—E. O. Baumann. Con- 
tractor—Roberts Construction Co., 


Courtesy South African Railways and Con- Pty., Ltd. 
crete Assn. of South Africa (Johannesburg) 


Sixty domes of prestressed concrete 
roof a cotton warehouse, on the 
Quai de la Garonne, Le Havre, 
France. This post World War Il 
structure, covering about 243,250 
sq ft, is roofed with 60 “‘biretta- 
shaped” shell concrete domes, 
square of base, their four curved 
Sides converging to the crown. 
Sides of domes are 63 ft x 61 ft 6 in. 
Edge beams are prestressed in both 
directions, placing the entire roof in 
compression. Designed and con- 
structed by Societe d’Ouvrages 
d'Art et Travaux 


First large scale use of concrete 
construction in the Port of Bombay, 
India, was the cotton depot built 
by the Bombay Port Trust in 1999. 
Covering 127 acres, the depot is 
comprised of 178 godowns, each 
111 x 43 ft and 30 ft high. Built of 
reinforced concrete throughout, the 
roofs are of arched construction. 
Concrete contractor—J. C. Gammon 


(Bombay) Ltd. 


Construction of two precast concrete 
warehouses at Naval Supply Depot, 
Mechanicsburg, Pa., in 1946, marked 
the advent of the thin-shell precast 
technique for framing _ industrial 
buildings in the United States. Pre- 
cast framing consists of bents, struts, 
and roof panels. Component mem- 
bers of the bents are of hollow cross 
section, each member being com- 
posed of a pair of channel-shaped 
elements bolted together to form a 
thin-walled box section. Scheme of 
framing conceived by A. Amirikian; 
warehouse design prepared by Bu- 
reau of Yards and Docks under his 

— ; s supervision. Contractor—Corbetta 
Courtesy U. S. Navy Bureau of Yards and Docks Construction Co., Inc. 


Continued on p. 568 
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Disc. 50-31 


Discussion of a paper by James S. Blackman: 


Method for Estimating Water Content of Concrete 
at the Time of Hardening’ 


By DELMAR L. BLOEM and AUTHOR 


By DELMAR L. BLOEMt 


The accuracy of the method described by the author depends upon the 
validity of two assumptions: (1) that 24-hr immersion brings the weight 
of the concrete to its original value, and (2) that the weight after drying is 
equal to the original weight of the dry solid ingredients. The author’s data 
indicate that these assumptions are valid for the limited range of variables 
which he studied—i.e., water-cement ratios for the major portion of the 
work covering a range of only 0.455 to 0.539; all concrete- non-air-entrained; 
and all specimens laboratory moist cured for 28 days. This writer has reason 
to doubt that the first assumption (that 24-hr immersion restores the sample 
to its original weight) is valid for the broader range in classes of concrete 
and curing conditions encountered in the field. 

Tests made in the Joint Research Laboratory sponsored by the National 
Sand and Gravel Assn. and the National Ready Mixed Concrete Assn. at 
the University of Maryland indicate that the weight of a concrete specimen 
after 24-hr immersion may vary greatly in relation to its original weight, 
depending upon the characteristics of the concrete and the conditions under 
which it was cured. Eight types of concrete were studied—air-entrained 
and non-air-entrained with cement factors of 4 and 7 sacks per cu yd and 
slumps of about 2 and 7 in. Cylinders, 444 x 9 in., were molded with each 
type of concrete and cured under four conditions, as follows, before being 
immersed in water for 24 hr: (1) air-dried 27 days; (2) standard moist- 
cured 6 days; (3) standard moist-cured 6 days, air-dried 21 days; and (4) 
standard moist-cured 27 days. All specimens remained in the molds sur- 
rounded by wet burlap for the first day after molding before being stripped 
and cured as indicated. 

Table A shows the amount by which the weight of the specimens after 
immersion for 24 hr differed from their weight at 1 day. Other tests have 
shown that the 1-day weight is essentially the same as the weight of the 
fresh concrete. The weights have been converted to gallons per cubic yard, 
the unit customarily used for mixing water. It will be observed that the 


*ACI JourNnaL, Mar. 1954, Proc. V. 50, p. 533. Disc. 50-31 is a part of copyrighted JouRNAL oF THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
tAssistant Director of Engineering, National Sand and Gravel Assn., Washington, D. C. 
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TABLE A—EFFECT OF Se ea isi ON MOISTURE CONTENT OF 


Water-cement ratio Gain in water after 1 day, gal. per cu yd, 
Cement, - for various curing conditionst 
sacks ial. Slump, Percent r —| ——~ 
per e By in. air | OM.R. 6 * R. 6 M.R. 27 M.R. 
cu yd | weight 27 Air 0 Air 21 Air 0 Air 


Non-air-entraine d concrete 








eS Re eee eee 3.2 4 
© Re ae Bae 5 Re eee 1 
eet ae Vee ee wer ae 
18 | 0.46 iM 5. 3.: | 5.0 


| 


2 | d 
3.¢ | d.f 


*Specimens 4% x 9-in. cylinders, cure d as indicated and then *n immersed in water for 24 ee. Values represent 
net gain in welahe from age of 1 day to end of 24-hr immersion, expressed in gallons per cubic yard of concrete. 

Note: Auxiliary tests showed that specimens lost essentially no weight from time of molding to weighing at 
1 day. 

+Headings indicate days in standard moist room at 73 F and days in 70 F air at constant humidity of about 
60 percent after 1 day in molds completely surrounded by saturated burlap. 


weight of the concrete after 24-hr immersion in all cases exceeded the original 
weight and that the amount of the excess ranged from the equivalent of 0.2 
to 6.9 gal. of water per cu yd. 

Curing condition made the greatest difference in amount by which soaking 
affected the weight of the concrete. The water content of specimens moist- 
cured 27 days exceeded by as much as 4 gal. per cu yd that of specimens 
moist-cured 6 days and air-dried 21 days. Composition of the concrete had 
a less marked, but still significant, effect. The higher slump concretes con- 
tained from about 1 to 2 gal. per cu yd more water after soaking than the 
drier mixes. Except for the lean, dry mixes, the air-entrained concretes 
generally had water contents slightly lower than those without entrained 
air. Also, in general, the rich concretes tended to have a higher indicated 
water content than the lean mixes, although this tendency was not consistent 
for the specimens which received continuous moist curing for 28 days. 

It appears that the drying test described by the author may give a rough 
indication of mixing water content but, due to differences in the extent to 
which soaking will restore the weight of the concrete, it is far from exact. 
Nevertheless, tests of this kind merit further study since there is need for 
methods to evaluate the quality of hardened concrete and diagnose failures. 
Some additional possibilities along this line are demonstrated in Fig. A and 
B. These show data from the tests referred to earlier which formed the basis 
for Table A. 

Fig. A shows the relationship of water-cement ratio to 24-hr absorption 
for the eight classes of concrete and two different curing conditions. One 
set of specimens was cured in air at 70 F after 1 day in molds; the other set 
was cured in the standard moist room at 73 F to the age of 7 days and there- 
after in air at 70 F. The absorption tests were made at the age of 28 days. 
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The relationship between absorption and water-cement ratio is excellent 
for either curing condition with absorption increasing as water-cement ratio 
increased, independent of whether or not the concrete was air-entrained. 
It is obvious, however, that such an absorption test would be of little value 
as a means of determining water-cement ratio unless there were knowledge 
of the adequacy of curing. It is not inconceivable that this deficiency could 
be overcome by giving concrete samples a period of supplemental curing 
and drying in the laboratory prior to the absorption test. 

Fig. B demonstrates the possibility of using absorption tests as a means 
of determining the original air content of samples of hardened concrete. 
Abscissas are air contents of the fresh concrete, measured gravimetrically, 
and ordinates are absorptions of oven-dried specimens soaked for 24 hr or 
saturated under vacuum. The latter specimens were subjected to vacuum 
(maximum residual pressure 1 em of mercury) for 1 hr, after which the vacuum 
was broken with water and the specimens allowed to soak for 24 hr. In these 
tests, the cylinders were oven-dried to essentially constant weight at 225+ 


2 F before being tested for absorption. Each point represents the average 
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for the four cylinders originally used in the study of different curing conditions. 

It appears that the voids resulting from air entrainment are not readily 
filled during immersion in water for 24 hr but do become filled to some extent 
under vacuum saturation. Observe that, while there was no tendency for 
24-hr absorption to increase with air content, there was a marked increase 
in the absorption after vacuum saturation. The difference between absorption 
after 24-hr immersion and after vacuum saturation appeared to be closely 
related to the initial air content. 

Although the data discussed above are too limited in scope to provide 
generally applicable relationships, they do suggest that absorption and 
moisture content characteristics might be useful for diagnosing the quality 
of hardened concrete, particularly as to water content, water-cement ratio, 
and air content. 


AUTHOR'S CLOSURE 


The author appreciates the interest of Mr. Bloem, and agrees that a wider 
spread of water-cement ratios and types of curing would have been desirable. 
However, the data from the limited investigation were published in the hope 
that some hitherto unpublished data bearing on the problem would be brought 
to light. As it turns out that hope has been realized. 

The author agrees with Mr. Bloem that complete saturation of hardened 
concrete cannot be expected after 24-hr immersion at normal temperatures 


for the broader range in classes of concrete. It is easily possible that im- 
mersion under a vacuum could improve the completeness of saturation. 
However, it might also create an additional error by producing a heavier 
saturation in the more absorptive coarse aggregates. 

The additional data on amounts of water absorbed by concrete cured under 
different conditions are a helpful additior? to the ideas presented in the method. 
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Static and Dynamic Elastic Behavior of Reinforced 
Concrete Beams 


By JOSEPH PENZIENt and ROBFRI J. HANSENT 


SYNOPSIS 


Laboratory investigations of static and dynamic elastic behavior of rein- 
forced concrete beams are described. Results indicate that strains of concrete 
and steel may be predicted with reasonable accuracy for both static and 
dynamic conditions of loading provided that (a) proper allowance is made for 
the effects of creep and cracking of the concrete, and (b) that an exact dynamic 
theory be used with allowance for damping for the dynamic condition of 
loading. 


INTRODUCTION 


Advent of the atomic bomb and the possibility of its use has stimulated 
much research during the past five years on the reaction of buildings to 
blast loads. The investigation reported here is concerned with the elastic 
behavior of simple structural elements under suddenly applied loads of 
relatively short duration, 7.e., less than a second. 

There are many facets to the problem of the behavior of buildings under 
blast loads. These include prediction of loading functions of the blast wave, 
analysis of dynamic response of structures to blast loads, and the properties 
of materials under the rather rapid rates of straining which the major 
structural elements of a building would undergo during the time the building 
is reacting to the blast wave. 

To provide a fundamental basis for approaching the problem, research on 
the behavior of simple reinforced concrete beams subjected to dynamic loads 
was undertaken in the Structural Dynamics Laboratory at Massachusetts 
Institute of Technology in 1947 under the sponsorship of the Office of Chief 
of Engineers, Department of the Army. This program has included the 
study of many problems in addition to those reported upon in this paper. 


TESTING TECHNIQUES 
Rapid load machine 
At the outset of the research program it was believed that a much clearer understanding 
of the problem of structural response to blast would be achieved if a method could be devised 
for rapidly loading a simple or continuous beam or simple frame with a dynamic load of 


*Presented at the ACI 49th annual convention, Boston, Mass., Feb. 18, 1953. Title No. 50-32 is a part of 
the copyrighted JouRNAL OF THE AMERICAN CoNCRETE INstITUTE, V. 25, No. 7, Mar. 1954, Proceedings V. 50. 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than July 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Assistant Professor of Civil Engineering, University of California, 
Berkeley, Calif. 
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40.001 controlled magnitude and duration. For in- 
; terpretation of results it would be necessary 
to measure load, deflection, strain, and accel- 
eration as a function of time at various points 
on the test specimen. Accordingly, a testing 
machine capable of imposing a concentrated 
dynamic load on the test specimen and con- 
trollable in both magnitude and duration was 
Fig. 1—Load-time curve designed and constructed. The machine can 
apply a concentrated load of a few hundred 
to about 10,000 lb; duration of load may be varied from a few hundredths of a second to 
many seconds. The force-time character of the load is shown in Fig. 1. The load builds up 
from zero to its maximum value in an extremely short period—about one thousandth of a 
second. This short period of load build-up is required to insure dynamic response of the 
test. specimen. 











Time 


While a rather complete report on the rapid load machine has been made elsewhere,! the 
following description will serve as a basis for an introduction of the test results. 


General arrangement of the rapid load machine is shown in Fig. 2. The test bed accom- 
modates beams of from 2 to 8 ft long, supported at two points as a simple beam or at three 
or four points as a continuous beam. A concentrated load may be applied at any point on 
the span by altering the placement of supports. 


A high-pressure-gas piston-cylinder arrangement provides the load. To permit rapid 
buildup of load a quick-acting release latch was adopted; Fig. 3 illustrates diagrammatically 
the operation of the trip release. Nitrogen gas under high pressure may be introduced into 
the cylinder above the piston. The trip lever system restrains the piston and piston rod 
from applying a load to the test specimen until the lever is tripped. The load may be ended 
by releasing the gas from the cylinder by opening a port in the top of the cylinder. Magni- 
tude of load is controlled by regulating gas pressure in the cylinder, while duration of load 
may be controlled by regulating the time interval between initiation and release. 


Instrumentation 


Instrumentation associated with the test machine -vill measure the magnitude of force 
applied to the test specimen, deflection and acceleration at one or several points on the beam, 
and strain of the concrete or reinforcing steel, all as functions of time. A bridge of SR-4 
strain gages on the piston rod is used to measure the load; linear variable differential trans- 
formers are used to measure deflection; seismic mass type accelerometers are used for accele- 
ration measurements; and SR-4 strain gages are used for strain measurements. Cathode 

ray and galvanometer type oscillographs re- 
cord the functions. Typical results for some 
of the measurements are shown in Fig. 4. 


Correlative tests 

To assure control of material properties a 
number of auxiliary tests were performed for 
each set of beams. These included (a) mod- 
ulus of elasticity from sonic vibration tests on 
small beams, and measurement of strains on 
the surface of compression test cylinders; (b) 
ultimate concrete strength by standard com- 
pression tests on 3 x 6-in. cylinders; (c) flex- 
ural strength tests on small plain concrete 
beams; and (d) stress-strain and ultimate 
strength tests on specimens of reinforcing 

Fig. 2—Rapid load machine steel. 
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Dynamic tests 

In the series of tests on reinforced concrete 
beams of various dimensions, concrete 
strengths, percentage and grade of steel, and 
manner of support, various types and degrees Ch | Uy mere 
of failure were obtained. Results in the 
elastic range are presented in the following 
sections. Results covering behavior in the 
plastic range are still under study. 

Primary objectives of the test series were 
(a) demonstration of the applicability of an 
elastic-dynamic theory of behavior of struc- 
tural elements under dynamic loads, and (b) 
measurement of the properties of steel and 
concrete under conditions of dynamic strain- 
ing. 


<“T 


MAAN 


‘ 
.. 








STATIC LOADING 

Measurement of strains in reinforced 
concrete, even under static loading, 
is a complex problem. The fact that 
concrete is a nonhomogeneous ma- 
terial results in a wide scattering of 
experimental data. It is essential in 
understanding stress-strain relation- 
ships that the effects of creep, cracking LOADING MECHANISM 
conditions, bond, and other factors be Fig. 3—Loading mechanism 
considered. 


(A 

















It has long been known that concrete is not truly an elastic material. If 
subjected to a sustained load it continues to deform or creep for an indefinite 
time after the first application of load. Previous investigations have demon- 
strated that creep depends upon magnitude of stress, duration of loading, 
strength of concrete, and a number of minor factors. Deformation due to 
creep may be even larger than elastic deformation and it continues for several 
years. Creep may be divided into a primary and a secondary phase (Fig. 5). 
The primary phase takes place about one minute or less after initial loading. 
Following this phase the creep versus time curve becomes almost flat and 
continues with a small slope for a long period. 

In this investigation, tests were } 
made on a number of compression test 
cylinders to study the elastic modulus 
and obtain a measure of primary creep. 





A typical stress-strain curve for plain 
concrete is shown in Fig. 6. This curve 
shows a decreasing slope with increas- 
ing ordinate for initial loading; upon 
reloading the slope is nearly constant. 


It is concluded from these tests that Fig. 4—Strain, deflection, and load vs time 
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Primory _| _ Secondary if primary creep, as shown by the re- 
nese ty — sidual strain AC in Fig. 6, is removed 
and if a previous loading is not exceed- 
ed, strain will be proportional to ap- 
plied stress and concrete will act essen- 
tially as an elastic material. Ultimate 
strength of the concrete was approxi- 
mately 4000 psi for all test specimens. 

Significance of creep and cracking of tension concrete in a reinforced con- 
crete structural element is illustrated by the curve in Fig. 7. This curve is 
a typical plot of load applied to a beam versus strain of either concrete or 
steel at a particular point within the beam. Upon loading the beam, the 
curve proceeds from A and curves in the region of G. This rapid change of 
slope is due to cracking of tension concrete. After loading to point B, the 
curve will return to C upon removal of the load. The residual strain AC 
which remains is due to two factors. In the case of tension steel, it is caused 
primarily by cracking of the concrete. Once a crack forms, particles next 
to the crack rearrange themselves and do not permit the sections to return 
to their original position. In the case of compression concrete, it is a result 
of primary creep and, perhaps to a limited extent, a result of cracking of the 
concrete. Upon loading the beam a second time, the curve advances from 
C in almost a linear manner up to the previous loading where it becomes 
tangent to the initial curve. The straight line sections of the curve such as 











Plastic Creep 





Time 
Fig. 5—Creep flow in concrete 


CB and ED are nearly parallel. From experimental results showing the 
above behavior, it is concluded that the stress-strain relationship at a point 
in a reinforced concrete structural element will be nearly linear provided 
the element has been previously loaded to develop tension cracks and to 
remove the creep. 


Concrete strain distribution and tension steel strains were studied exten- 
sively at the center cross section of simple beams having only tension rein- 
foreing steel. Concrete strain distribution seems to vary between quite wide 
limits. Two extreme limiting cases of strain are shown in Fig. 8. Triangular 
strain distribution as calculated from conventional straight line theory is 
shown as line AN. The elastic modu- 
lus of the concrete used in this caleu- 
lation was obtained from the straight 
line reloading curve CB as shown in 
Fig. 6, therefore eliminating the creep 
effect. The measured total strain is 
CN’. Since this total strain includes 
the strain due to primary creep, the 
residual concrete strains are subtract- 
Strein ed to give the effective strain distribu- 


; rr ‘ a bs . . 
Sass: Gritigaseetn eaves tor cnmuminednds tent tion BN - Tests show this distribution 
cylinder to vary from that which is slightly 
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curved (Fig. 8a) to that which is 
straight or in a few cases to that of a 
slight curvature in the opposite direc- 
tion (Fig. 8b). The position of large 
visible cracks is believed to be the 
cause of this variation. The experi- 
mental curve of steel strain versus po- 
sition along a simple beam for various 
magnitude loads shown in Fig. 9 seems Fig. 7—Deflection or strain vs load curve 








Strain or Deflection 


to uphold this statement. Lower strains were measured between the larger 
cracks. This would indicate a lower neutral axis and would also indicate that 
possibly some of the tension load is carried by the concrete in that region. 
It is concluded that the neutral axis is not at a constant depth kd along the 
beam, but rather that it varies between the two limiting positions shown in 
Fig. 8. The lower limit of kd agrees quite well with the theoretical value 
(kd),; the upper limit has a value approximately 0.7 (kd),. In observing : 
previously loaded beam under a micrometer microscope, tension cracks were 
observed to extend to this upper limit. 

For all tests carried out on this type of beam, the experimentally obtained 
area MBN’ agreed quite well with the theoretical area MAN. This is a 
necessary condition for equilibrium. Tests show the maximum effective 
concrete strain may reach a value approximately 30 percent larger than its 
theoretical value as shown in the upper limiting case. For this case the position 
of the resultant compressive force is raised somewhat, and the conventional 
j value (0.875) is approximately 0.91. 

Before experimental strain readings are used in making equilibrium checks, 
the significance of residual steel strains should be thoroughly understood. 
Since these strains have a corresponding stress, an unloaded reinforced con- 
crete structural element is in a state of “prestress.”” Details of this con- 
dition will be omitted here due to space limitations, but it is concluded that 
superposition of strain caused by additional loading does not necessarily 
hold. Caution must, therefore, be used in interpreting experimental strain 
data. 

Concrete strain distributions were also measured on simple beams, con- 
tinuous beams, and simple U-frames 
in which compression reinforcing steel 
was used throughout. Experimental 
data was interpreted in much the same 
manner as previously mentioned, 7.e., 
flow due to creep and ‘‘prestress’’ con- 
ditions were considered. The princi- 
ple difference found between the case 
where compression reinforcement is 
omitted and the case where it is used, is 








that the effective concrete strain dis- Fig. 8—Concrete strain distribution 
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— — — Theoretical Curve 


tribution for the latter is more con- 
Experimental Curve 


sistent with conventional straight line 
theory. 


F + 


3 


A typical load-deflection curve fora 
reinforced concrete structural element 
is similar in shape to the load-strain 
curve shown in Fig. 7. The initial 
portion of the curve AG is nearly 
straight and its slope agrees quite well 

~ with the theoretical value in which the 
/ EI value used in the calculations is for 
|} a noncracked section. At G the slope 
of the curve changes due to cracking 
of the tension concrete. This slope will 
then gradually decrease due to creep 
and additional cracking as loading continues. Upon removal of the load, 
as shown by BC, a permanent deflection will remain. If a structure is loaded 
several times up to normal working load to remove primary creep, the slope 
of the new load-deflection curve (ED, Fig. 7) will agree quite well with the 
theoretical curve obtained by assuming cracked sections and using a con- 
crete modulus as given by the slope of a reloaded portion of a compression 
cylinder stress-strain curve. This behavior indicates that the total deflection 
will be considerably higher than that given by theory. For normal working 
loads, tests show the total deflection to be approximately 35 percent higher 
than its theoretical value. 





Tension Steel Strain - 10° 4insin 





f 





Fig. 9—Static load test 


DYNAMIC LOADING 


Primary objective of this phase of the investigation was to study the 
elastic behavior of simple structural elements under the action of impulsive 
loads, and to make a comparison of these results with the elastic-dynamic 
theory.* Information obtained during a single test were strain versus time 
records of the concrete and steel at various points on the structural element, 
a deflection-time record, and the applied load versus time. The dynamic 
magnification factor (7.e., ratio of maximum effective strain produced at a 
point under dynamic loading conditions to effective strain produced under 
equivalent static loading conditions) was the principal item studied. 

Before testing any structural elements under dynamic loading, they were 
first subjected to a static load several times to remove primary creep and 
to prevent additional cracking of the tension concrete during the dynamic 
test. This was necessary so that the structure could act in an elastic manner 
while measuring the dynamic magnification factor (DMF). 

Dynamic magnification factors were measured directly from experimental 
strain traces such as shown in Fig. 10. These records were obtained at 
various points on the cross section to study the variation of DMF with 


*Dynamie theory is developed in Appendix 1. 
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distance from the neutral axis. For 
those sections which did not contain 
compression steel, the DMF varied 
considerably over the section. This 
variation is due to a shifting of the 
neutral axis during the time of vibra- 
tion. For those sections containing 
compression reinforcement, the DMF was found to be constant over the sec- 
tion. All data presented here will be for this type of section. 

By observing a typical trace (Fig. 10), one may note that the initial vi- 
brations set up in a reinforced concrete structure subjected to a dynamic 
load are damped out a short time after applying the load. This damping 
effect is due to dissipation of the kinetic energy stored within the structure. 
Energy is lost mainly through internal friction within the structure and 
friction at the supports. Special precaution was taken to minimize the 
latter in the experimental investigation by using supports designed to have 
minimum frictional losses. The important effect of damping is that the 
maximum dynamic strain produced at any point within a structure is ap- 
preciably lower than it would be if no damping existed. Since the usual 
elastic-dynamic theory does not consider damping, the resulting calculated 
strains are considerably higher than the maximum strains which actually 
occur. Therefore, it is necessary to obtain a measure of damping which 
exists in concrete structures if true maximum strains are to be calculated 
for a given dynamic loading condition. 








Fig. 10—Typical strain-time record 


Experimental results show that the damping which exists in reinforced 
concrete elements has characteristics which are similar to those of “viscous 
damping.” They also reveal that the percent of critical damping (100 ¢/C,) 
for the fundamental mode of vibration applies as well to the higher modes. 
This coefficient was found to vary between 6 and 8 percent for all of the 
various structural types tested. In view of the experimental results, damping 
can be introduced into the elastic-dynamic theory by assuming that the 
general properties of viscous damping apply to all modes of vibration and by 
further assuming that the same damping coefficient (c/C.) applies to all 
modes. With these assumptions the theoretical dynamic magnification 
factor produced by loading of the type used in this investigation may be 
expressed as follows:* . 


DMF 1 + A, + Ae + As; + + Be + ; (1)t 


2. r/2 
where A, = 5 na] | —2re c.| 


S, is total strain produced by a static load which is equal in magnitude to the dynamic load; 
S, is the static strain contribution of the nth mode; d,(t) is the dynamic load factor of the nth 
mode as defined in the elastic-dynamic theory; 100 c/C. is percent of critical damping, and 
r is a critical time integer of the nth mode. The value of r may be obtained as outlined in 
Appendix 2. 


*DMF equation is developed in Appendix 2. 
+Corresponds to Eq. (41) in Appendix 2. 
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T=0 Fig. 11—Dynamic magnification 

£/7,=0 factor for simple beams subjected 

to a long duration impulsive load 
W applied midspan 
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An investigation of the DMF equation will show that modes of vibration 
higher than the fundamental usually add little to the DMF; the first two 
terms will usually give sufficient accuracy. This assumes a damping coef- 
ficient of the order measured in reinforced concrete elements. For more 
special cases it might be necessary to add more terms; loading of a simple 
beam at the quarter point is an example. 


CORRELATION OF EXPERIMENTAL RESULTS WITH DYNAMIC THEORY 


Fig. 11, 12, and 13 show the correlation obtained between experimental 
results and elastic-dynamic theory. Curves of dynamic magnification factor 
versus longitudinal position along the beam for several rates of loading 


(to/T1) are plotted. The abscissa scale for these curves can be taken directly 
from the sketch of the beam plotted to the same scale directly below these 
curves. These theoretical curves, which were obtained by using Eq. (1), 
may then be compared with experimental data which are plotted as points 
in these same figures. The percent of critical damping used in the calculations 
was 6 percent. 


Curves for a centrally loaded simple beam (Fig. 11) were obtained by using 
only the first two terms of Eq. (1). The following terms can be calculated 
but because of damping in the beam they contribute a negligible amount 
to the DMF. Five rates of loading were considered, varying from a con- 
dition of essentially static loading (t)/7; = 1) to a condition of loading which 
is applied instantaneously (4/7; = 0). Experimental DMF values were 
measured under dynamic loading conditions where the ratio t)/7, was equal 
to 0.10. These values should correspond with the theoretical curve for this 
same loading rate. This curve can be obtained by interpolating between 
the two upper curves. Comparison of experimental data with this curve 
shows good agreement. 

Experimental data is compared with theoretical values in Fig. 12 for a 
simple beam loaded at the quarter point. DMF curves are plotted for various 
loading rates using Eq. (1). Only the first two terms of this equation were 
necessary in obtaining these curves with the exception of that curve for the 
condition to)/7; = 0. In this case, the second mode of vibration is excited 
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Fig. 12—Dynamic magnification 

factor for simple beams subjected t/T,=0 

to a long duration impulsive load ; 
applied at the % point 
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considerably due to the position and rate of application of the applied load; 
therefore, its contribution to the DMF is appreciable. The dashed curve 
in Fig. 12 shows the theoretical magnitude of DMF for this condition 
(to/7T, = 0) when the second mode of vibration is ignored. The difference 
in ordinates of these two curves represents the contribution of the second 
mode. For the slower rates of loading shown there is no contribution to the 
DMF by the second mode. A comparison of experimental values with the 
corresponding theoretical curve again shows good agreement. 

In Fig. 13 experimental and theoretical values of DMF are compared for 
a three-span continuous beam. Although loading rates are not exactly the 
same, they are sufficiently close so that a direct comparison can be made. 
It might be well to point out that the strange behavior of the DMF curve 
in the region of the static inflection point is due to the fact that a dynamic 
strain does exist at this point even though it is small. Since there is no static 
stress at this point, the DMF will be an infinite value by definition. Good 
agreement between experimental and theoretical values is again apparent. 
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TRANSITION FROM ELASTIC TO PLASTIC RANGE 


Economical designs of reinforced concrete structures to withstand impulsive 
loads are difficult to achieve because stresses are usually larger than they 
would be under equal magnitude static loading conditions. However, both 
concrete and reinforcing steel show greater strengths under conditions of 
rapid straining. 

Two independent methods were used in obtaining the dynamic yield stress 
of reinforcing steel. First, tests were made in a rapid tension machine at the 
California Institute of Technology on tensile test specimens of reinforcing 
steel. Then, at the Massachusetts Institute of Technology measurements 
were made of the tensile steel strains in concrete beams loaded dynamically. 
The beams were loaded successively with progressively higher impulsive 
loads until plastic steel strains occurred. The pure tension tests made at 
CIT were conducted in such a manner that three rates of loading were at- 
tained, 7.e., 1.2 * 10°, 4 106 and 8.5 x 10° lb per sq in. per sec. These 
tests show dynamic yield stress to be approximately 35 percent higher than 
its static value for a short time and they also show it to change little over 
the above range of loading rates. In the second approach, at MIT, funda- 
mental frequencies of the test specimens were such that the rates of straining 
in the reinforcing steel produced under the impulsive loading were com- 
parable to those used in the first approach. Again the dynamic yield stress 
was shown to be approximately 35 percent higher than its static value and 
no variation was noted for test specimens whose fundamental frequencies 
ranged from 15 to 100 cycles per sec. 


No attempt was made in this investigation to measure ultimate strength 
of concrete under dynamic conditions. From available information of other 
investigations? it appears that its value may be raised considerably depending 
upon the rate of straining. 


DISCUSSION OF RESULTS 


The experimentally measured dynamic magnification factors shown in 
comparison to theoretically predicted values in Fig. 11, 12, 13, and 14 demon- 
strate that the elastic-dynamic theory can be used successfully to predict 
strains in the concrete and steel of reinforced concrete structural elements 
loaded impulsively. Internal damping must be accounted for; otherwise, 
the strains will be considerably overestimated. 

The ability of reinforcing steel to withstand stresses above the static yield 
point, if the steel is strained rapidly enough, introduces an additional factor 
which must be considered in predicting the yield point load of an impulsively 
loaded reinforced concrete structural element. 

Reference to Fig. 11-14 indicates that the sudden application of load in 
the dynamic case causes stresses to be magnified above those which would 
occur if the load were applied statically by a factor ranging from 1.5 to over 
3 for bending stress at various points along the element. 
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Both of the factors of dynamic mag- 
nification of strain and ability of rein- 
forcing steel to withstand strains 
somewhat above the static yield point 
should be considered in estimating 
the yield point load of reinforced con- 
crete elements designed to resist an impulsive load. 

A further design consideration for dynamic loads is that it would seem 
advisable to under-reinforce reinforced concrete elements for two reasons. 
First, the increase in strength of concrete under dynamic conditions is more 
unpredictable than for steel; and secondly, if the ultimate strength of the 
concrete should be exceeded, complete failure may result whereas if the 
dynamic yield stress in the reinforcing should be temporarily exceeded the 
structure will merely deform plastically. 








Time 


Fig. 14—Load-time curve 


CONCLUSIONS 


From the preceding discussion, the following conclusions may be deduced. 

1. Effective concrete strains produced in reinforced concrete structural 
elements subjected to static loading conditions may be calculated with reason- 
able accuracy by using the conventional straight line theory, providing the 
members contain compression reinforcing steel. However, if no compression 
steel is used, strains may be considerably larger than those given by theory. 

2. Maximum strains produced in a structural element subjected to an 
impulsive load may be considerably larger than those produced in the same 
element when a static load of equal magnitude is applied. 


3. Internal damping existing in reinforced concrete members subjected 
to dynamic forces reduces the maximum strains considerably. 


4. Internal damping which exists in reinforced concrete elements has 
characteristics which are similar to those of “viscous damping.” 

5. The damping coefficient or percent of critical damping which exists 
in reinforced concrete elements of the type tested in this investigation varies 
hetween 6 and 8 percent. 

6. The same damping coefficient applies reasonably well to all modes of 
vibration. 

7. The yield point of reinforcing steel is considerably higher under im- 
pulsive loading conditions than under static loading conditions, provided the 
rate of straining under the dynamic case is sufficiently great. For rates of 
straining within the range of 1.2 « 10° and 8.5 X 10° lb per sq in. per sec, 
standard reinforcing steel (ASTM Designation A15-48) has a dynamic yield 
point which is approximately 35 percent higher than its static yield point. 

8. A reinforced concrete structure designed to withstand impulsive loads 
should be under-reinforced. 

9. Both the dynamic magnification factor and increase in reinforcing 
yield stress should be considered in design. 
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APPENDIX 1—IMPULSIVE LOAD 
| Hee THEORY 


General theory" 
wi(t,x)dx Differential equation of motion for a structural 
member—Consider a member, the cross-sec- 
=» —=1 “I tional dimensions of which are small in com- 
|}-—4 | 4x rn parison to its length, and assume lateral vi- 
bration takes place in one of the principal 
Fig. 15—Free node sketch for ee planes of Snes & Ge maonaber. iat 8 be 
loaded beam the displacement of any point on the elastic 
curve and be taken as positive when in the 
direction as shown in Fig. 15. Suppose also the intensity of the impulsive load w(t, 2), 
bending moment M, and shear V are all positive when in the direction as shown in Fig. 15. 
The intensity of load q causing distortion of the beam will equal the algebraic sum of w(t, x) 
and the inertial force per unit length, (c/g) (d%z/dt?), where c is the weight per unit length of 
the member. From basic structural theory M/EI = 0%2/dx* and q = 0? M/dz?. Therefore 


oe? 072 c 02 
= EI — | = wit aaa oe a 
' | 4 me g at? m 


Eq. (1) is the differential equation of motion governing the transverse vibration of a member. 
Solution of this equation will define the displacement at any time ¢ and at any point along the 
member. 


Determination of normal modes of vibration of beams—Only the free vibration of the member, 
i.e., no external load acting on the member, is considered here. Eq. (1) then reduces to 


oe Ce c 3 
eo feo =). 
Ox? ox? g oat? 


Mathematically, the disptacement due to a normal mode of vibration may be represented by 
= F(t) u(x) 
where u(x) defines 8 a shape of a normal mode of vibration. Hence, 
az 
= u(x)" 
al? 


oe 02 d? ad? 
=<} gt | = ry —| ari 
Ox? | ox? : FO dx? | - dz” @) | 


ew a these Naga in Eq. (2) we obtain 


apl a 2 


mm u = 


Since the left hand side of Eq. (4) is only a function of ¢ and the right hand side is only a 
function of z, and further since this equation must hold for any value of z and t, each side of 
the a gas must be equal to a constant. Let this constant be w*. Then 


F(t) + w* F(t) = 


and 





. (4) 


dt? 
d @ 7 i . 

#8 s| a 5 u(x) ‘ an ase u(x) = 
g 


dx? 


Solution of Eq. (5) gives F(t) = K, sin wf + K, cos wt. If, when ¢ = 0, the structure isin its 


undistorted position z(t,z) = 0, then F(t);=) = 0. Therefore, K, = 0 and the above equation 
reduces to 


F(t) = K, sin wi S Parts Fee 5 a eae ee 
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This equation shows periodic motion which goes through a complete cycle in a period 7’ = 
2x/w, therefore, the natural frequency of vibration f = 1/7 = w/2x. The quantity w is 
called the circular frequency of the vibration. 

Solution of Eq. (6) gives the characteristic shape of a normal mode of vibration. In the 
case where the member, or portion of member under consideration is prismatic, and has 


4 


d 

constant E, J, and c, Eq. (6) reduces to ans u(x) — kt u(x) = 0. If we let kt = w*c/Elg, 
‘x 

then the general solution is 


u(r) = A sin kz + Bcoskx + C sinh kx + Deoshkz..... sicchna Wak Eo hice 
The arbitrary constants of this solution must be selected so as to satisfy the boundary con- 
ditions of the particular member under consideration. 

It is to be noted that Eq. (3) is general and represents the displacement due to any single 
mode of vibration. Therefore, Eq. (4 to 8) must also be general and refer to any single mode 
of vibration. If a particular mode is to be considered, e.g., the nth mode, a subscript will 
be used to signify that mode as is done in the following development. 

Properties of the characteristic shape functions—Writing Eq. (6) for any two particular 
normal modes m and n results in the following equations. 


p2 12 mn? 
, -| EI Sos Uum(z) | = <— Um (x) 
dx? dx? g 


12 d2 ne 
——i Bf —eto | =< ats) 
dx? dz? g 


Since the left hand side of these equations is the fourth derivative of the deflection curve 
of a normal mode, the right hand side must be the intensity of load that when applied stati- 
cally will deflect the member into the characteristic shape u(x). This intensity of load is called 
the characteristic load. 


By Betti’s law, the following equation may be written: 


L L 
fle Um(2) | Un (x) dx = f E 4 Un «| um (2) dz .. 
g g 
0 0 


which may also be written in the following form 


L 
(com? — wn’) f tim (2) Un (2) de = 0. eit) 
4 q 


If m # n, the integral must equal zero. However, if m = n, the integral is indeterminate, 
but it is possible to set this integral equal to unity providing we select the proper constant 
in the expression for um(x). This procedure is called normalizing the shape functions. 


Use of the characteristic shape functions to express displacement and load functions 
Displacement of any point on the member may be expressed by the following series 


n= © 


(yz) = > 4 0 ta (2). : ” Rane - ioe 


n=1 
where z, (¢) is the coefficient by which the characteristic shape u, (x) should be multiplied 
at any time ¢ to give its contribution to the total displacement, z(t, z). 
If we multiply each side of Eq. (12) by (c/y) un: (x) and integrate, we obtain the following: 


n=@ 


fu 2) Us: (2) ; dz = 6 x0 fw (x) Uns (x) : dz... (13) 


n=1 
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Since the integral on the right hand side equals unity when n nm, Eq. (13) reduces to 


Zn (t -f z(t, x) uy» (2) : dx (14) 
q 


In a similar manner, the function w(t, x), which defines the load on the beam may be ex- 
panded into a similar series involving the shape functions u, (x), or 


n= @ 


w(t, x) = > wy, (t) Un (a) 
YJ 


n=] 


where w, (1) = f w(t, 2) uy (x) dx . (16) 


Reduction of equation of motion in general case of vibration—If substitutions are made for 
z(t, z) and w(t, x) in Eq. (1) from Eq.‘(12) and (15), respectively, the resulting equation is 
n= & 


n= @ n= oo 
42 


a d? c ad? c 
EI Zn (t) =~ Un (2%) | + ta (2) =- ta 0) Wn (t) Un (2) 
ax? dr? g ) dt? , g 


n=1 n=1 n=1 


After substituting in the first term from Eq. (9) 


. 7? 
> | Un (x) -| E Zn (t) + — Zn (t) — Wn | = 0 
g dt? 
1 


= 


Multiplying each side of this equation by u,, (x) and integrating over the entire z dimension 
of the structure gives 


n= @ 


j2 ' 
> E& (t) +- | fo (2) Unt (x) Salis = 0 
dt? g 


n=1 


Since the integral equals unity when nm = n, and zero for all other values of n we obtain the 
following equation 


2 


]2 
— gp (t) + wn? 2a (t) = we (t) 


= (17 
dt? 


Solution of this “reduced equation of motion,” which will satisfy the initial conditions of the 
state of motion, will yield the coefficients of the term u, (x) in Eq. (12). 

Solution of reduced equations of motion—Suppose that at a given time ¢ = to the displace- 
ment and velocity of every point on the beam are known and are given by the functions 


r (x) and s (x), respectively. These functions may be expanded into the following series: 


n= @ 


r (x) = lz (t,x)| « =fo = >» Tn Uy (x) 


n 1 


and 


n=« 


ra] . 
s(x) = eS 2 a | re > Sn Uy (x) 


n=1 


If each side of the above two equations are multiplied by (c/g) un: (x), integrated, and reduced 
it is found that 


rn, = fr (a) Un (x) = dz and s, = fr (x) un (x) 5. dz... ; (18) 
g g 


This is accomplished in a manner similar to that used in developing Eq. (14). 


It is evident 
then that the initial values of z, (¢) and d/dt z, (t) are 
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[zn (t)| swte = Te 


d ( ( (19) 
wy n ) = 8n 
dt pape : 


The solution of Eq. (17) may be obtained in the following manner. Multiply both sides 
d 

of Eq. (17) by sin w, f and then add and subtract w, cos wp» t 7 z, (t) in the left hand thember 
( 


obtaining by grouping the terms properly 


. i n n( ) ( ) ( ) ( i ) n f ) 
a a ae n ‘OS Wn n — 8 Wn In 
j SIN w t J 2 l WwW ( Wl) Znll sin l u (t 


Integration of this equation between the limits of ¢ and fo gives after substitution of the initial 
conditions from Eq. (19) 


ot 

d 

SIN Wot 2 Z2n(t) — wn(COS wrt) Zn(t) — Sn SIN ato + Tn Wn COS Wrlo = | w,(t’) Sin wat’ dt’ (20) 
tf 


lo 
ae P ‘ : ms Sa ’ d : 
Similarly, if both sides of Eq. (17) are multiplied by cos w, ¢ and if w,_ sin w, t i Zn (t) is added 
tf 


to and subtracted from the left hand side, integration of the resulting equation between the 
limits ¢ and ¢o yields the following equation similar to Eq. (20). 


d A : 
COS Wn t =" Zn (t) + wn (SiN wn t) Zn (f) — 8n COS wn lo — Th Wn SIN wy bo = 
0 


t 


f Wr (t') COS w, t’ dt’ . 


to 


d 
If ae 2n (t) is now eliminated between Eq. (20) and (21), and the result simplified, there results 
€ 


Wr 


t 
Sn. l ‘ 
Zn (t) = Tn COS wn (t — to) + — SiN wp (t — to) + if wr, (t’) sin w, (t — t’) dt’... (22) 
wn Jt, 


This is the solution to Eq. (17) which also satisfies the given initial conditions of the state 
of motion. 


A pplication to static loads—Suppose the total static load W is distributed so that the intensity 
of load at any point is 


w (t,x) = Wp (z).... 


But, since W = fiw (t, 2) dx = W fo (x) dx, then fp (z) dz = 1. 


Expanding w (t, x) by Eq. (15) gives 


n= © 


w (t,z) = Wp (x) = > wa () us (z) = 
q 
n=!1 


where 
Wr (t) =fw (t,x) uy (x) dx = wf (x) up (x) dx 


or letting P, = f p (x) Un (x) dx 
wn (t) = WP, 
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2 


l 
Since the structure is in static equilibrium, 2 z,(t) = 0, and therefore from Eq. (17) is obtained 


. (24) 


Substituting this value into Eq. (12) gives 


n=o n= oo 


2@)= > Pau) -W > wl... (25) 


n=1 n=1 
This expression gives the static deflection under the total static load W. Substituting this 
expression into the equation 
°z 
M = EI 
ox? 


one obtains 


n= oo 


fe rr. 
M = EI —W, > — Un (z).. : 36 (26) 
ox? 3 


Wn 
n=1 


Application to impulsive loads—For this type of loading, the intensity of load may be ex- 
pressed as i, ,2z) = F (t) p (x)—where F (t) is the total load applied to the beam at any time f, 


and therefore as in the previous section f p (x) dx = 1. 


If w (t, z) is again expanded according to Eq. (15) then 


n= co 


w(t,z) = > Wn (t) Un (x) : 


n=1 


w,t = free x) Un (x) dx = F of p (x) un (2) dx = F (t) Py 
If, as before 


P, = fro@ Un (x) dx 


If the initial conditions are that at t) = 0, the impulsive loading begins to act on the structure 
when it is at rest in its equilibrium position, that is,r, = Oand s, = 0, then z, (¢) may be found 
from Eq. (22) to be 
l 
P, 
,2=— F (t’) sin wn (t — t’) dt’ .. , . (27) 
Wn 
0 


Let W, be the maximum value attained by the total impulsive load F (¢), and introduce the 
quantity d, (t), which is defined by the expression 


t 
d, (t)}=— | F(t’) sinus (t — ¢’) dt’. _. . (28) 
W, 
0 


, Introducing this term in Eq. (27) we obtain 


P, 
zn (t)=—~ Wi de (t) 
Wn 


Then substituting this term in the series expansion, Eq. (12) gives 
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n= @ 


- 
z(t,z) = W, 3 — Un (x) dy (t) (29) -_ 


Wn 





n=1 
therefore ¥ 


n= @ 


| 

! 

o* re 

M(t,x) = EI — W, > — Un (x) dn (t) . . (30) nee : 
Ox? Ww,” Fig. 16—Load-time curve 











n=1 
It is observed that Eq. (29) differs from Eq. (25) only by the factord, (¢). Therefore, the true 
impulsive contribution of each term is obtained by multiplying the static contribution by the 
term d, (t). For this reason, d, (t) is called the dynamic load factor of the nth mode. 


The factor P, as used in the previous equations is called the participation factor. 


Experimental dynamic load factor term 

The expression for the dynamic load factor as given in Eq. (28) may be applied to an 
impulsive load having any general pulse shape, and may also be applied to any structure. 
The expression for an impulsive load of the type shown in Fig. 16, which has the same 
characteristics as the loading used in this investigation, may be derived from the general Eq. 
(28) as follows. 

Since in the experimental investigation the value of to was always less than one-fourth 
the fundamental period 7',, we are interested only in values t > to. 

t 
General equation: d, (t) = ay f F (t’) sin w, (t — t’) dt’ 
1 


0 


t 
For t< to, F (t) = Wi- 


0 


For to <t < hh, F(t) = W, 


Therefore, when t > to 
to t 


d,, (t) = = f t’ sin Wn (t = t’) dt’ T of sin Wn (i - t’) dt’ 
to 


o to 


After integrating and collecting terms we obtain 


l 
d, (t) = pry | sn wn (L — to) — sin w, l | + | 
n tO 


Theory applied to simple beams 

Characteristic shape—By substituting the known boundary conditions into Eq. (8), the 
characteristic shape of a simple beam of span length L is obtained. Four boundary con- 
ditions are available, 7.e., the moment and deflection at both ends equal zero. 


u (z) . set = 0 


M d? u (x) 0 (39) 
BI js = 6. =F d x? z = 0.L ; Be 


a d? u (x) 
Therefore — = (0, (33) 


dx? = o,L 


Substituting these four boundary conditions into Eq. (8) gives four simultaneous equations. 
Solving these four equations yields a value ot zero for coefficients B, C, and D and also the 
following relationship is obtained, A sin kL = 0. Since A cannot equal zero, then sin kL 
must equal zero. This is satisfied if kL is an even multiple of +; therefore kL = nx, or k = 
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nx/L where n is any even integer. The characteristic shape of any particular mode n may 
then be expressed as 


. ur . 
un (4) = A, sin — 2 Fc ch RUE ws Ss, ee eo PAs 
L 
The natural frequency f, of any particular mode may be found from the previously derived 
expressions 
, sgliceess 
wc w ‘ $ - ar BRT 
kt =——and f = —, which gives f, = = n?— oor. 
Elg 2a 7 2 c LA 


Note that the coefficient A, in the expression for u, (x) is still indeterminate. 


L 
e 
Normalizing the shape function—In Eq. (11) it was shown ame’ f Uy (x)?dx = 1. Sub- 
g 
Oo 


stituting for u, (x) the value given in Eq. (34), the unknown coefficient A, may be found. 


3 a 
sin? -—— dr = 1 
29 
cL 
Participation factor (P,,) —As shown in the derivation of the general case 
L 
P, = fo (x) Un (x) dx 


Oo 


A,* 


This term depends on the distribution of the load. However, it may be evaluated for any 
loading condition. The term p (zx), as previously shown, is the ratio of the intensity of load 
to the total load W. 

Dynamic moment contribution of each mode of vibration—Substituting into the equation 


(z) as given by Eq. (29) results in the following expression: 


n= 2 


oe Pe 
i Sy, > — un (2) dn 
Ox- Wr? 


n=1 
which may be written as 


nrn=@ 


oe -EIm > TE (ain®t? Ja... 
Wn 4 


APPENDIX 2—DEVELOPMENT OF DYNAMIC MAGNIFICATION FACTOR EQUATION 


It is desirable to develop a method of calculating the dynamic magnification factor for 
the general case. Therefore, one must consider the dynamic contributions of higher modes 
of vibration. To do this, assume that the general properties of viscous damping apply to 
higher modes of vibration as well as to the fundamental mode and further assume that the 
same damping coefficient applies to every mode of vibration. These two assumptions appear 
to be good from the results of this investigation. 

In developing an equation which will give the DMF for the general case, it is well to study 
two idealized strain curves as shown in Fig. 17. Curve No. 1 represents a strain-time curve 
assuming that both static and dynamic contributions of modes of vibration higher than the 
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17—Idealized  strain-time 
curves Dyromic Contribution of Ist mode only 1 


Curve No.! 


GENERAL CASE -— Dynamic Contribution of nth Mode 


Curve No.2 a 








poe 


fundamental mode have been eliminated. This curve may represent strain at any point 
within any structure subjected to impulsive loading conditions of the type represented by 
the load-time curve. After initial vibration of the fundamental mode has damped out com- 
pletely, the strain reaches a steady value S; which is the static contribution of the funda- 
menial mode. It can be obtained from the first term of the series expression which gives 
the full static moment.* 

Curve No. 2 is a similar curve for the nth mode of vibration in which the static and dynamic 
contributions of all modes other than the nth mode are assumed to have been eliminated. 
For this case, after the dynamic effect has damped out completely, the strain reaches a steady 
value S, which is the static contribution only of the nth mode. It can be obtained from the 
nth term of the series expression which gives the full static moment.¢ It must be remembered 
that this value may be numerically opposite in sign to the static contribution of the first 
mode as shown by the dashed curve. Superimposing curves similar to these for all modes of 
vibration would yield the true strain-time curve. Because of the importance of the funda- 
mental mode, the maximum dynamic strain will nearly always occur at a time close to that 
represented by point B,. 

If one wishes to calculate the contribution given to the DMF by the nth mode of vibration, 
it may be accomplished in the following manner. First, make a rough sketch of the two curves 
as shown in Fig. 17. _It is not necessary to have the magnitudes of the strains correct but 
the time relationships should be accurate so that from an observation of these two curves 
it is possible to determine which value of X,, will give the largest total strain when added to 
that strain as given by curve No. 1. It must be remembered that the value of time A, is 
not always 7',,/2 but may vary from 7’,/2 to 7',, where 7’, represents the period of vibration 
of the nth mode. This time interval A, depends upon the rate of build-up of the load to 
compared to 7',. It may be calculated from the dynamic load factor equationt by setting 
the derivative with respect to ¢ equal to zero and after substituting A, for ¢, A,/7T;, may be 
obtained as a function of to/7,. This equation is plotted in Fig. 18. A, may now be obtained 
directly from this curve provided to and T,, are known. 

Since vibration continues at its natural frequency after reaching point B,, we have all the 
time relationships necessary to plot the two curves as shown in Fig. 17. The value of strain 
X,, which occurs nearest that time represented at B, will be considered as the dynamic 
contribution of the nth mode to the total strain. Usually the nth mode will not be in phase 
with the fundamental mode of vibration at B;, and therefore adding the full amount of X,, 
nearest this point will be somewhat in error. However, because it is a small percentage of 
the total strain and because the frequency of the nth mode is usually large compared to the 
fundamental mode, we may assume that its entire value contributes to the maximum dynamic 
strain without introducing any appreciable error in the final result. 

*Eq. (26), Appendix 1. 


tEq. (26), Appendix 1. 
{Eq. (31), Appendix 1. 
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Fig. 18—Plot of An rie vs to/T» 



































4 


An 
Th 


One must remember that the selection of X,, should be such that it adds to the dynamic 
strain. When the numerical sign of S, is opposite from the sign of S,, a different value of 
Xyn is used. To illustrate this point, Fig. 17 might be used as an example. When S, is posi- 
tive, Xs, is considered the dynamic contribution of the nth mode to the maximum strain 
under dynamic conditions. When S, is negative as shown by the dashed curve, X4, would 
be its contribution. The maximum strain under dynamic conditions may be expressed as 
the sum of both static and dynamic contributions for each and every mode of vibration. 
This quantity would be expressed symbolically as, (S; + Xi) + (S2 + Xy2) + (Ss + Xy’s) 
+ ... Note the value of r is different for each mode of vibration. Its value however is 
always unity for the first mode. If the above expression is divided by the full static strain 
S» caused by a static loading, which is equivalent to the dynamic load, one obtains a value 
for the dynamic magnification factor. Remembering that S; + S: + S; + ... = So, the 
dynamic magnification factor may be expressed as 

DMF = 1 + Xu:p/So + Xn2e/So+... ...... pi ee . (38) 
From a development of viscous damping, it may be nee n that 

Xen = Xon (1 — 2ac/C.) *”? es 
It may also be shown from the elastic dynamic theory that 

Xon = Sn [dn (t) maz — 1] 


By substituting Eqs. (39) and (40) into Eq. (38), the dynamic m: alia ation factor may be 
expressed as 


DMF = 1+ 4A4,+As+As+... Ant.... ...-...-05.. (41) 


where 
Sn r /2 
=F [Ome —1] [1 - 2 ere.| errr. <sent 6 ... (42) 
So 


The term d, (t)mozis obtained by differentiating the dynamic load factor equation* and solving 
for ¢ to get required value of A, as previously shown and then by substituting this value of 
t back into this same equation, one obtains d,, (t)maz- For convenience one may plot a curve 
of d, (t)maz versus fo/7’, by the above procedure. This curve is shown in Fig. 19. 

Eq. (41) enables us to calculate the dynamic magnification factor for impulsive loads whose 
pulse shape is rectangular in form. All the terms in this equation, except the value of c/C., 
may be obtained from the elastic-dynamic theory. Experimental results indicate that the value 
of c/C, to be used in Eq. (41) is approximately 6 percent for reinforced concrete structures. 
The term So may be found from the elastic-dynamic theory. However, it is more easily 
found by simple statics or by the theory of indeterminate structures if the structure is stati- 
cally indeterminate. 


*Eq. (31), Appendix 1, 
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Fig. 19—Maximum dynamic load factor of 
nth mode of vibration 
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APPENDIX 3—EXAMPLE SOLUTION 


A simple beam subjected to a centrally applied downward load W as shown in Fig. 11 
will be used in this numerical example. The load-time relationship will be as shown in Fig. 
16. The internal dynamic moment M for this structural member has been given by Eq. 
37 and is restated here as follows: 


n= « 


: P, 
ca ate ee 


n=1 
For a simple beam, it was shown in Appendix | that 
W,i=-W 


>, 
/ 2g 
A, =4/ — 
V a 
x ‘Iq 
Un (x) = A, in or a \/ - 


- Sin 


L L L 


: Elg 
wo, = rint— 


cL! 


L 
P, = | p (x) Un (x) dx 
0 


For the concentrated load at midspan, the above expression for P,, reduces to 


L oq 1 
P, = 1 u, (: = — ) wa / “9 ee n © 
2 ; 2 


Substituting these expressions in the above moment equation and simplifying results in the 
following equation for the dynamic moment: 


n= @ 


F 2WL i. ne. awz 1, (t) 
4. — sin — sin d,, (t) 
| y n? 2 L 


n= 1 
The static moment can be expressed by this same equation by simply removing the dynamic 
load factor term d,, (t). 
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TABLE 1—STATIC MOMENTS 


(5) (7) 
Sn = (2) X (3) a, ee | Sa = (2) X (3) 
xX (4) X WL* : L xX (6) X WL* 








0. 2026 WL -O. +0.1431 
0.0225 WL ; —0.0159 
0.0081 WL : —0.0057 
0.0041 WL a | +0 .0029 
0.0025 WL . +0. 0018 
0.0017 WL 
0.0012 WL 
0.0009 WL 


Se = 0.2435 WL 


SSSsess 








isasesss 


— at et 
ower OnCroorE 








*Figures in parentheses are column numbers. 


M static - 


n=1 

This static moment has been calculated for z = L/2 and x =.L/4 in Table 1. The contri- 
bution of all even modes is zero due to symmetry. 

The summation of column 5 gives the full static moment at z = L/2. If more values of n 
had been used this summation would agree even more closely with the correct value of WL/4 
as obtained from static considerations. The summation of column 7 likewise gives the total 
static moment at x = L/4. This summation again shows agreement with the value of WL/8 
which is determined using statics. 

If one wishes to calculate the DMF at these two locations for each of two loading con- 
ditions, e.g., to/T, = 0 and to/7; = 0.25, it can be accomplished using the above information 
and the DMF equation. 

DMF =1+4Ai:+A2+... Ant... 

It was explained earlier that due to damping only the first two terms of this equation will 
contribute to the DMF for this element if the percent of critical damping is of the order of 
6 percent. The DMF were may then be written as 


» Vs 
DMF =1+4, =1+— au a. = | E ~ ano] 
So Co 
For damping of 6 percent, this equation simplifies to 
DMF = 1 + 0.79 a (mcs — | 
For to/T; = 0, d; (t)maz = 2.00, as shown in Fig. 19. 


Therefore, DMF (x = L/2) = 1 + ozo ( O50. = 1.64 


0.1250 
For to/T, = 0.25, di (maz = 1.90 as given in Fig. 19. 
(ome 0.2025 


Therefore, DMF (x = L/2) 1 + 0.79 (0.90) 


seas DMF (2 = L/4) = 1 + 0.79 (3S a oe )- 1.91 


0.1431 
and DMF L/4) = 1 + 0.79 | ——— } (0.90 1. 
unc (x /4) + 0.7 ( 0.1250 ) ( ) 82 


The dynamic magnification factor at other locations would be calculated in a similar manner. 
Also the structural element and its loading might be somewhat different; however, the general 
approach would be similar to that shown above, 
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Notable Concrete Structures — Old and New 


Continued from p. 544 


Courtesy The Austin Co. 


Modern distinctive lines have been introduced in the 25,000-sq ft reinforced concrete Borden 

milk processing plant, Oklahoma City, Okla. “Awnings” of concrete were placed integrally 

with the concrete wall to form an ‘eyebrow’ over the continuous windows. Designed and 
built by The Austin Co. 


Cantilevered flat plate design is featured in 
the 18-story Hotel Statler, now under con- 
struction in Dallas, Texas. In a section through 
the tower, there are two columns set back 
9 ft 10 in. from the building face and spaced 
97 ft 10 in. apart. The flat plate cantilevers 
from the columns to the exterior face. No 
drop panels, column capitals, spandrel beams, 
or exterior columns were used. The floor 
plan is similar to an airplane with swept 
forward wings. Lateral stiffness and resistance 
to wind forces are taken care of by shear 
walls at the tips of the ‘wings’ and end of 
the ‘‘fuselage.”” The reinforced concrete 
shear walls act as vertical cantilevers which 
are seated in bed rock. Architect—William B. 
” Tabler. Engineer—Seelye, Stevenson, Value 
Courtesy Seelye, Stevenson, Value & Knecht & Knecht. Contractor—Robert E. McKee 
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Courtesy Knappen-T ippetts- Abbett-McCarthy 


One of the largest and most modern airport terminals in the Carribean area, the Puerto Rico 

Transportation Authority's passenger terminal building, Puerto Rico International Aijrport, 

San Juan, built in 1954, is designed to resist both earthquakes and hurricanes. Engineer- 

architect—Knappen-Tippetts-Abbett-McCarthy; Toro Ferrer, consulting architect. Contractor 
—Carribean Enterprises, Inc. 
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NOTABLE CONCRETE STRUCTURES 


Factory building of Dansk Gummi 
Industri (Danish Rubber Industry), 
Soberg, Denmark, built 1951-1959, 
features concrete lattice girders 
spanning 10 m. All elements, in- 
cluding wall panels, were precast 
“Shock Concrete” units manu- 
factured by Hojgaard & Schultz 
A/S. Architect—Bartholdy and 
Olsson. Engineer—Soren Rasmussen 


Courtesy Hojgaard & Schultz A/S 
(Copenhagen) 


Industrial plant of Telefon AB 
L M Ericsson, Midsommarkransen, 
Sweden. Office and factory build- 
ings, built 1938, are constructed 
entirely of concrete and have a 
floor area of 130 x 230 m. The 
laboratory, built 1946, measures 
25 x 70 m and has eight stories with 
concrete floor slabs and walls. 
The tower, built 1946 with sliding 
forms, is 72m high and 4.93 x 5.85 
m. Designer and contractor — AB 
Skanska Cementgjuteriet 


Courtesy Nils Tengvik (Malmo) 


Building of Mannesmann Tubes in 

Buenos Aires, Argentina, with 

domed arches of “glazed” con- 

crete, gains a feeling of lightness 

with its perforated roof. Design and 

construction Messrs. Arteta, 
Alvarez & Co. 


Courtesy Instituto del Cemento Portland 
Argentino (Buenos Aires 


Skeleton of the three-story Engi- 
neering Office Building for The 
Glenn L. Martin Co., Middle River, 
Md., is made up entirely of precast 
and prestressed elements. The first 
bay at each end of the 60 x 365-ft 
building has four lines of precast 
columns about 20 ff apart and is 
framed with ordinary precast beams. 
The typical interior portion has only 
three lines of columns about 30 ft 
apart supporting prestressed beams 
at 16 ft on centers. Architect 

Albert Kahn Associated Architects 

& Engineers 


Courtesy Albert Kahn Associated 
Architects & Engineers 





NOTABLE CONCRETE STRUCTURES 


One of the first concrete bridges 
built in England, about 1898, 
Borrodale Bridge. Having no 
special experience to go on, it was 
built in the same way as a brick 
arch, that is, a 6 in. thickness was 
cast over the whole span and when 
this had hardened another 6-in. 
ring, building up a total of 4 ft 6 in. 
It is in an excellent state of preser- 
vation today 


Courtesy Cement and Concrete Assn.(London) 


Canimar River Bridge, a three-span 
reinforced concrete arch bridge in 
Cuba. Built 1950-1951, each arch 
spans 218 ft; height is 115 ft and 
width is 52 ft 8 in. Reinforcing 
steel in arches totaled 400 tons; 
concrete totaled 4090 cu yd. The 
deck required 170 tons of steel and 
1900 cu yd of concrete. Designed 
under direction of Jose Menendez 
Menendez. Constructed by Raymond 
Concrete Pile Co. of South America 
for Cuban Comision de Fomento 
Nacional 


Courtesy Raymond Concrete Pile Co. 


One of the oldest reinforced con- 

crete bridges in India, this 52 ft 

6 in. span of four arch ribs across 

the Har-ki-Pahari at Hardwar was 
built in 1908 


Courtesy The Concrete Assn. of India 


(Bombay) 


Nicolas Avellaneda drawbridge, 
spanning the Riachuelo River be- 
tween Buenos Aires and Avella- 
neda, Argentina, utilized reinforced 
concrete in the approach viaducts. 
Built under general direction of the 
National Highway Department. 
Engineers-architects— Juan Agustin 
Valle and Eduardo Rodriguez 
Videla. General contractor — 
Arienti and Maisterra 


Courtesy Instituto del Cemento Portland 
Argentino (Buenos Aires) 





NOTABLE CONCRETE STRUCTURES 


Ammer Bridge, Echelsbach, Ger- 
many, built in 1930. Total length 
of bridge is 182 m. Using the 
Melan-Spangenberg system, the re- 
inforced enc: arch span is 130 
We pillar height 31.8 m, and width 
between arches 8.3 m. The road- 
way is 76 m above the valley floor. 
Engineer — Spangenberg. Con- 
tractor—Hochtief AG 


Courtesy Deutscher Beton-Verein E. 
(Ww ahd, n) 


Vale da Ursa Bridge across the 
Castelo do Bode reservoir, Portugal, 
built 1949-1950. Every main canti- 
lever girder includes three con- 
tinuous 30-m spans with 10-m canti- 
levers, the suspended spans being 
10 m long. Associated contractors 
—Moniz da Maia, Duarte & Vaz 
Guedes, Lda., and Conrad Zschokke 
SA. Engineers—Edgar Cardoso, 
Francisco Araujo, Oliveira e Sousa, 
and Franco Abreu 


Courtesy Laboratorio Nacional de 
Engenharia Civil (Lisbon 


Footbridge in Youth's Park, Ankara, 
Turkey, built in 1939. The main 
span is a three- re arch of 74 


ft. Total length the bridge is 
900 ft. Designer—NMuhittin Tokoz. 
Contractor—Naki Erenyol 


Courtesy Suha Gursoy (Ankara) 


Concrete arch bridge, Northbridge, 
Middle Harbour, Sydney, Australia, 
completed in 1939. It has a con- 
crete arch span of 337 ft and the 
arch rises 83 ft above its springing. 
The bridge replaced a suspension 
bridge suspended between two 
Gothic masonry towers, which were 
preserved in construction of the new 
bridge. Designed by New South 
Wales Department of Main Roads. 
Built by Hornibrook Bros. & Clark 
Pty., Ltd 


Courtesy Cement & Concrete Assn. of 
Australia (Sydney 





Courtesy Ammann and Whitney 


Alabama Livestock Colosseum, Mont- 
gomery, Ala., built 1950, features a short 
barrel, long span roof. The span of the 
shell (28 ft) between arch ribs is small 
compared to the span of the supporting 
ribs. Chord width is 286 ft, rise 48 Ft, 
and shell thickness 314-514 in. The arches 
are supported on A-frames. The shell is 
circular in plan and extends beyond the 
chord width; edge beam is curved in two 
directions. Designed for State of Alabama 
by Sherlock, Smith & Adams; structural 
engineers for main arch roof was Ammann 
and Whitney. Contractor—J]. A. Jones 
Construction Co. 


Long an advocate of reinforced concrete 
construction, Le Corbusier's ‘‘Pavillon Suisse,” 
a hostel for Swiss students at Paris University, 
Paris, France, was built in 1930. With its 
concrete pilotis, its roof garden, its facing 
slabs and large areas of glass, and its essential 
simplicity, this building, so open and airy, is 
typical of the trend of Corbusier architecture 


Courtesy Cement and Concrete Assn. (London) 


Largest domed building of its time (built 
1911-1912), the Jahrhunderthalle, Breslau, 
Germany. The rib columns of the dome have 
an inside diameter of 65 m on four semicircle 
apsides. Height is 42 m. The dome is sup- 
ported on 32 half-trusses, held at the top by a 
“pressure-ring’’ and below by a “‘pull-ring.” 
Architect for the City of Breslau—Berg. 
Engineer—Traver. Contractor—Dyckerhoff & 
Widmann KG 


Courtesy Deutscher Beton-Verein E. V. (Wiesbaden) 





Title No. 50-33 


Control of Surging in Concrete Pipe Distribution 
Systems 


By C. S. HALE, R. E. GLOVER,$ P. W. TERRELL,§ and 
W. P. SIMMONS, JR.** 


SYNOPSIS 
Surging in concrete pipe systems preventing or delaying delivery of irrigation 
water necessitated field and laboratory studies to determine the cause and 
provide a means of control. The studies show how surging can be controlled 
by the creation of a system out of resonance, thus holding surge amplitudes 
within tolerable limits. 


INTRODUCTION 


A peculiar trouble sometimes occurs in concrete pipe distribution systems 
provided with overflow pipe stands. A periodic variation of flow or surge 
becomes, in some cases, so violent as to prevent delivery of water. First 
Bureau of Reclamation experience with it was in the pipe system in the 
Coachella Valley, Calif., where some of the lines surged so persistently that 
it became necessary to determine the cause and to find a solution. Some 
of the undesirable effects of surging are shown in Fig. 1 and 2. A pipe stand 
overflowing temporarily as a result of surge is shown in Fig. 1. Fig. 2 shows 
a meter stand overflowing because of an increase of supply due to surges in 
the adjacent pipe stand. Trouble is especially apt to occur where the topog- 
raphy permits the pipe lines to be run down the section lines with pipe stands 
at regular intervals. Such is the arrangement on the Coachella system, 
which is one reason surging was so frequent there. The pipe stands serve, 
of course, to prevent accumulation of static and water-hammer pressures 
which would occur in a closed conduit. If they were not present, costs would 
be considerably higher because of the reinforcement needed to protect the 
lines against the added pressures. 


ANALYTICAL STUDIES 


In the field, the surges appear as a periodic variation of flow in a pipe 
line for which a typical profile is shown in Fig. 3. The period of these changes 
ranges from about 60 to 100 sec. In their most violent form the surges may 
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cause the pipe stands to be 
completely emptied when 
the waters recede, and over- 
flowing when they return. 
In their mild form little can 
be observed other than a 
periodic increase and de- 
crease in the depth of water 

flowing over the baffles. 
The first case investi- 
gated was that of a single 
pipe reach between open 
pipe stands. The effect of 
the inertia of the water in 
the pipe reach, of frictional 
resistance to flow, and of 
changes of level y in the 
downstream half of the 
pipe stand at the upstream 
end of the reach were ac- 
. counted for. It was found 
Fig. 1—Pipe stand overflowing due to line surge that these individual 
reaches have natural periods 

of oscillation given approximately by the formula 


T's 


Where 
water surface area in the downstream half of the pipe stand at the 
upper end of the reach 
length of the reach 
A = cross-sectional area of the pipe 
g = acceleration of gravity 
The oscillation causes variations of flow and a periodic rise and fall of the 
water level y in the upstream pipe stand. 


If the flow coming into a reach is now separated into two parts consisting 
of a steady average flow Q» and a superimposed sinusoidal variation, g sin 
2 7/T, X t, it is found that the sinusoidal variation will set the reach into 
oscillation at the incoming period. If the period of the incoming flow vari- 
ation and the natural period of the reach are widely separated, the amplitude 
of the driven oscillation will be small. As the period of the incoming flow 
approaches the natural period of the reach, however, resonance occurs and a 
driven oscillation of large amplitude can be produced. Resonance in vibrat- 
ing systems is well known, but in the pipe reach it produces a surprising 
result. Because the baffle in the pipe stand at the lower end of the reach 
acts as a weir and can therefore accommodate considerable flow variations 
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with only minor changes 
of level, the flow varia- 
tions induced in the reach 
are readily carried over it. 
Since resonance generates 
flow variations in the pipe 
reach greater than those 
fed into it, the reach be- 
haves as an amplifier in 
the sense that the ampli- 
tude of the flow variation 
discharged at its lower end 
is greater than the ampli- 
tude coming into it. The 
ratio of the outgoing to the 
incoming amplitudes is con- 
trolled by friction, but the 
friction losses in pipe lines 
are proportional to the 
square of the velocity, and 
at low flows friction is 
much reduced and amplifi- 
cation factors of six or more 
can be realized. 


fog Ses ; Fig. 2—Surges in pipe stand cause meter stand to overflow 
Amplification factors ob- 


tained as a result of these studies are shown in Fig. 4. This demonstration 
of the amplifying possibilities of a pipe reach between pipe stands is one 
of the important results of the analytical studies. Fig. 4 is actually a simple 
resonance chart. An exact accounting of forces would require that the 
changes of water level n behind the baffle, which acts as a weir, should be 
included. This factor has been omitted because it introduces complications 
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Fig. 3—System with two reaches having the common stand capped 
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Tn ~ Notural of areach. 
T,— Period of a 


@ , AMPLIFICATION FACTOR 


1.0 
T/T, 


Fig. 4—Amplification factors 


without altering materially the magnitudes involved. The effect of accounting 

for these changes would be to slightly decrease the amplification factors. 
The quantities shown in Fig. 4, which have not been previously defined, 

have the following significance. 
a = ratio of the amplitude of the oscillatory part of the flow leaving a reach to the 
amplitude entering the reach (dimensionless) 

_ 2gho 

~ Vol 

ee Ay 

i ee 

ho head loss due to friction when the velocity in the pipe is the mean velocity Vo, ft 

t time, sec 

T: period of the incoming oscillation, sec 

T, = natural period of the reach, sec 

Vo = mean of the velocities in the pipe taken over a full oscillation period, fps 


Y 
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MODEL STUDIES 


Even though these amplification possibilities exist, a pipe line would still 
run without surging if no source of initiating oscillations were present. An 
attempt to find the most persistent of these sources by field observation proved 
fruitless because of the impossibility of seeing into the pipes when water 
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was running in them. A 

laboratory model was there- 

fore built and fitted with 

windows and transparent 

pipe sections which would 

permit such observations 

to be made (Fig. 5). The 

pipe stands were construct- 

ed of 20-in. diameter steel 

pipe fitted with sheet-metal 

baffles with adjustable 

crests. These pipe stands 

were connected by 125 ft 

lengths of 8-in. diameter 

pipe which had 180 deg 

bends at mid-length so 

that the pipe stands could 

be grouped together. Plexi- 

glass windows in the pipe 

stands permitted an ob- 

server to see into the in- 

terior below water level. 

At the upper end of the 

system a half stand was so ‘ 
attached to a head box that oid fads ae \ 
the wall of the head box 
took the place of the baffle. 
Water was pumped into this head box and entered the model by flowing 
into the half stand. A plunger, operated by a variable-speed motor, pro- 
vided a means of surge initiation. A length of transparent pipe was inserted 
in the 8-in. diameter line at the half stand as shown in Fig. 6. 


Fig. 5—Laboratory model of distribution system 


When the model was being built it was feared that its small size relative 
to the field structures would somehow prevent the development of surging. 
These fears were dispelled, however, when water flowed through it for the 
first time because it proceeded to build surge immediately. After watching 
the flow conditions in the transparent pipe, the mechanism of the auto-oscil- 
lation which initiated the most persistent of the field surges became clarified. 
The nappe falling over the baffle carries air with it as it plunges into the pool 
on the downstream side of the pipe stand. This air appears as bubbles. 
Some of these float back to the surface but a part are carried into the pipe. 
These soon rise to the top of the pipe and collect into a long bubble. The 
end of this long bubble can be seen in Fig. 6. Since the pipe slopes, this 
long bubble tends to float back up into the pipe stand but is opposed by the 
impact of the water coming into the pipe from the pipe stand. As the long 
bubble grows, however, the flotation force grows with it and finally part of 
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its volume blows back into 
the pipe stand. The vol- 
ume vacated by the air is 
immediately filled with 
water whose kinetic energy 
delivers an impulse to the 
system and initiates an os- 
cillation of small amplitude. 
This oscillation has the 
natural period character- 
istic of the reach. The 
velocity changes associated 
with the oscillation in- 
snout aaa fluence the time when the 


Fig. 6—Aiir bubble entrapped in transparent pipe section next blow-back will occur. 


adjoining pipe stan Observation shows that 

this occurs at a time in the 

cycle which will permit energy to be fed into the oscillation. The ac- 

cumulation and release of air thereafter locks into step with the oscillation 
and feeds enough energy into it to maintain it at a small amplitude. 

Although this type of auto-oscillation is of too small amplitude to cause any 

trouble in the reach in which it originates, it does supply a periodic change 


which can be amplified to a surge of unmanageable size in succeeding reaches. 
Surges can also be initiated by the transient oscillations set up by making 
or cutting off deliveries and in other ways. At any rate, experience seems to 
indicate that small amplitude surges are always present. Even the forces 
produced by winds blowing across the tops of open pipe stands seem to be 
capable of causing small initiating oscillations which can be amplified pro- 
gressively in the lower reaches. 

Other important information derived from the model include a demon- 
stration of the amplifying potentialities of such systems, a check on the 
period of oscillation as computed by Eq. (1), the discovery of the effective- 
ness of covers for control of surging, and a general knowledge of the appurte- 
nances needed to make the covers operate. 


CONTROL OF SURGING BY USE OF COVERS 


The covers are airtight lids or caps placed on the pipe stand. In the field 
they are reinforced concrete discs of appropriate size bedded on a rubber 
gasket and sealed with pitch. Sometimes pitch alone is used for a seal. The 
pipe lengths used to make the pipe stands are installed with the bell end up 
and the cover fits into the bell. Model testing indicated, and field experience 
confirmed, that certain accessory devices were needed to make the covers 
operate satisfactorily. An air relief valve is needed to relieve excessive 
pressures likely to occur when water is filling the pipe stand. If this valve 
is not provided the cover may be blown off. A valve to relieve excessive 
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negative pressures is also needed. Operating stability may be obtained if 
these valves are omitted but the pressures inside the pipe stand may be so 
low as to prevent making deliveries of water from adjacent turnouts. The 
first type of vacuum breaker valve used consisted of a straight piece of pipe 
passing through a packing gland in the cover. The lower end of this pipe 
dipped below the surface of the water on the upstream side of the baffle. 
When excessive negative pressures were present, air would force its way out 
of the lower end of this pipe and bubble up through the water to relieve the 
vacuum. To permit a simpler installation, a short nipple and a 90-deg “L”’ 
were installed through the pipe stand, connecting to a riser pipe extending to 
the top of the stand on the outside. Under certain conditions this installation 
would not relieve the vacuum; therefore, it was necessary to also install a 
weighted mechanical valve, mounted in a goose neck of small pipe in the 
cover. The weight is supplied by a length of welding rod which can be cut 
off to adjust the pressure at which the valve will open. Each valve is tested 
and adjusted before installation. A water level indicator made of a length 
of transparent plastic tubing is sometimes added to permit observation of 
the water level in the pipe stand. 


These simple and inexpensive devices have proved effective for control of 
surging in the Coachella system. They have been installed on many pipe 
stands in the system with the result that the surging common before their use 
is now rare. Stable and satisfactory operation is now the rule. Some minor 


troubles have been experienced, such as occurred when some moss screens 
became plugged and were removed for cleaning. The sudden increase of 
flow in this case initiated a surge of sufficient amplitude to lift some of the 
covers. Strangely enough, the covers often reseat themselves and become 
airtight again after these incidents. Another incidental advantage which 
accrues from the use of covers is the elimination of accumulations of trash 
resulting from unwanted objects being tossed into the open pipe stands. 


ANALOG OPERATION 


After the stabilizing effect of covers had been demonstrated in the model, 
the device was tried in the field. These field trials showed that a much larger 
number of covers was needed to produce stabilization than was thought to be 
necessary from the model indications. It was apparent, therefore, that some 
further study would be necessary to clarify the action of the covers. An 
analytical study was first attempted on a system with two pipe reaches 
having the common pipe stand covered, as shown in Fig. 3. This analysis 
was carried to the point where it became possible to compute the natural 
periods. It was found that there were two. It also became evident that 
the work required to analyze systems with several covers would be enormous. 
An electric analog device was then worked out to shorten this phase of the 
investigation. In this analog an electric current represented a flow of water 
in the hydraulic system. A voltage change represented a rise or fall of a 
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TABLE 1—CHECK OF NATURAL PERIODS FOR THE MODEL BY 
COMPUTATION AND ANALOG OPERATION 








Natural period, sec 
Open Capped - _— “seatbelt 


Analog igs Laboratory model 


stands stands Cc omputed 


21. 21. 5 
aa i 35.0 7.0 
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1 21.9 | 
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water level, an inductance represented the inertia factor and an electrical 
resistance represented the hydraulic friction loss. 

These analog devices were inexpensive and worked well. By connecting 
the output of one of these devices to an oscillograph or an oscilloscope, the 
behavior of the hydraulic system could be easily studied. It was found 
that a system comprising n pipe reaches with n — 1 covered pipe stands 
between, and parts of the two open pipe stands at the upstream and down- 
stream ends, had n characteristic modes of vibration and that each had its 
own natural period. Such a system will therefore resonate if an oscillation 
having a period near to any one of the natural periods is imposed upon it. 
Only the mode having the longest period, however, will ordinarily resonate 
strongly enough to be of importance. It appears also that a system created 
by capping pipe stands will resonate less freely than the individual pipe 
reaches which existed before the pipe stands were capped. Another discovery, 
which permits an important simplification of what would otherwise be a 
complicated situation, is that in the mode with the longest period all the pipe 
reaches have velocities which swing in unison. It is therefore permissible, 
as an approximation, to treat the whole system as an individual pipe reach 
for which Eq. (1) takes the form 


-2n/t >>. (2) 
g A 


where the summation sign indicates that the quotients of L and A for each 
of the pipe reaches in the system are to be added together. 

From these analog studies also comes an explanation of how the covers 
produce stabilization. The action is threefold. Briefly, they (1) change 
the natural periods so that the systems can be thrown out of synchronism, 
(2) they reduce the number of systems capable of resonance, and (3) they 
replace the original reaches with systems which resonate less freely. A check 
of natural periods for the model as obtained from analog operation and by 
analytical means is shown in Table 1. The substantial agreement between 
the quantities derived by these different methods is apparent. 


FIELD TESTS AND OBSERVATIONS 


Two field tests were conducted on laterals modified for this purpose. In 
the first of these tests, the water surface in the pipe stands was modified 
to throw the successive reaches out of synchronism. In the first pipe stand 
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an extra baffle was installed to cut down the area of the free water surface 
and thereby to reduce the value of F in Eq. (1). The next pipe stand down- 
stream was left unmodified and the succeeding pipe stands were also left 
unchanged, but additional free water-surface area was provided by installing 
additional pipe stands and connecting them to the pipe. The whole arrange- 
ment was planned to make the periods increase in the downstream direction. 
There were nine pipe reaches in this lateral and the modifications were such 
as to make the ratio of the natural periods of succeeding reaches 1.4. This 
modification was unsuccessful, probably because the periods did not increase 
fast enough and because periods may have been imposed on the upstream 
end of the lateral which were longer than, or nearly equal to, the natural 
periods of some of the lower reaches. Reference to Fig. 3 will show that 
resonance factors greater than unity are always obtained in such cases. 
While the principle of making the periods increase downstream is doubtless 
correct, this test showed that the addition of enough area to control surging 
in this way would be economically burdensome. 

The second test was performed by Concrete Conduit Co. which modified 
a lateral at its own expense by replacing the straight baffles with a circular 
riser pipe. This riser pipe was concentric with the pipe stand. With this 
arrangement the water entered the pipe stand by way of the riser and over- 
flowed at the riser top to form an umbrella-shaped nappe. This concentric 
arrangement is very effective in preventing air entrainment, as was demon- 
strated in the model where its action could be observed through the windows. 
It is, in fact, the only device so far discovered which is effective in stopping 
air entrainment. In addition to preventing air entrainment, it was hoped 
that the greater free surface area obtained with this arrangement would 
reduce surging. This field test was also unsuccessful. The reason for failure 
of this test seems to be that the possibility of amplification is retained and 
some initiating oscillation is always present in the field. In the model, stable 
running could be obtained with the circular risers when the inflow was steady 
but the introduction of a small forced oscillation of the proper period, by using 
the plunger motor in the head box, demonstrated the presence of amplification 
in a most striking manner. 


AIR ENTRAINMENT STUDIES 


An investigation of air entrainment was made by testing a full-scale repre- 
sentation of a field structure having a straight baffle arranged in a laboratory 
testing flume with glass walls (Fig. 7). Many devices were tried with this 
representation to eliminate air entrainment, but no significant improvement 
was obtained from any of them. The tendency for air entrainment is remark- 
ably persistent and does not cease, even with deep water cushions, until the 
baffle is nearly submerged. 


USE OF GATES FOR SURGE CONTROL 


Surging is possible in pipe lines when there is more fall in the line than is 
consumed by friction losses. This will be the case when the amount of water 
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running in the line is less 

thanits maximum capacity. 

One simple way to use up 

the excess energy is to in- 

stall gates controlling an 

opening through the baffle 

or the entrance to the out- 

going line. The physical 

basis forsuch an installation 

is sound and field experi- 

ieee ome ence shows it to be effective 

sans EM TL but much time is required 

rN aa to adjust the gates. When 

in aes ae only a few deliveries are 

" ana being made, this method 

of control may be tolerable, 

but when the’line has to be 

operated near its maximum 

capacity the task of keep- 

ing the gates properly ad- 

justed becomes burden- 

some. The use of gates in 

considerable numbers for 

surge control is, therefore, 

apt to make the distribu- 

tion system excessively ex- 
pensive to operate. 





Fig. 7—Apparatus for studying air entrainment in pipe system 


VENTS FOR SURGE CONTROL 


Since air entrainment and release at the pipe stands was found to be one 
of the most persistent causes of surge initiation, the use of air vents to draw 
off the air accumulation in the pipes seemed to offer promising possibilities 
as a means of destroying these surges at their source. When the idea was 
tried on the model a definite improvement was noted but field trials were 
not so successful. 


The reason for the failure of this device in the field may be found in the 
amplifying characteristics of the open pipe stands. The vent does tend to 
destroy the effectiveness of surge initiation by accumulation and release of 
air and even though air will often accumulate downstream of the vent and 
maintain an auto-oscillation by blowing back into the vent, the amplitude 
of the surge maintained in this way is much less than would be observed 
if the vent were absent. While these improvements may be realized, they 
are of no avail in a long line where strong amplifying possibilities are naturally 
present. 


ee eee 
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Consider, for example, the case of a pipe line 5 miles long with a pipe 
stand at 44-mile intervals which, at a certain flow, has an amplifying factor 
of four in each reach. Then for a surge initiated in the first reach the over- 
all amplifying factor for the whole line would be 4!° = (27.5) (10). With 
such tremendous amplifying possibilities as this it does not matter whether 
the installation of a vent cuts the auto-oscillation surge amplitude in the 
first reach from 0.1 ft to 0.01 ft because the line will remain inoperable. So 
long as these amplifying possibilities remain it would not help greatly if 
vents completely destroyed auto-oscillation in every reach in the system, 
because there are other causes of surge initiation. An attempt to deliver 
water at a turnout on such a line would be immediately followed by violent 
disturbances. Even a gust of wind blowing across the top of one of the pipe 
stands would cause pressure changes sufficient to create a small oscillation 
in the adjacent reach which could be picked up and amplified in the reaches 
downstream. Disturbances originating in this way are eventually damped 
out by friction, and if no other disturbances occur the line will quiet down, 
but this possibility does not help if the pipe stands overflow in the mean- 
time. The ability of such a line to respond to transient disturbances was 
demonstrated many times with the model. By holding a hand for a few 
seconds on the overflow crest at the head of the first reach and then removing 
it, surges sufficiently violent to cause the third pipe stand to overflow were 
often produced. Such demonstrations, backed by field experience, lead to 
the conclusion that it is futile to try to control surging with vents on a line 
where strong amplifying tendencies are present. 


SUMMARY 


The principal results of operating experience and laboratory investigations 
of the operating characteristics of concrete pipe distribution systems with 
pipe stands are: 

1. Surging is likely to occur in pipe distribution systems with open pipe stands. 
Appearance of this trouble is favored if the construction of the line is such as to make 
the natural periods of the pipe reaches nearly alike. 

2. For surging to develop there must be a source of initiating oscillation and an 
amplifying tendency. 

3. Sources of an initiating oscillation seem always to be present in field installations. 
The most persistent is a self-induced oscillation driven by entrapment and release of air. 
Among other factors are disturbances due to making and cutting off deliveries and 
wind pressures. 

4. The amplifying tendency is due to the phenomenon of resonance and the dis- 
charge characteristics of the overflow baffles. Trouble is most likely to occur in 
lines laid on a flat enough gradient to have a water cushion at the upstream end of 
each reach when the line is just filled. The amplification is dependent on the friction 
losses, and for this reason surging is most apt to occur with flows which are small 
compared to the maximum capacity of the line. 

5. Surging can be controlled by the use of covers fitted with vents to relieve positive 
pressures and vacuum control devices to limit negative pressures. For best results, 
the covers should be applied to create systems which are out of resonance, with the 
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periods increasing downstream. The periods given by Eq. (2), if used with the curves 
of Fig. 4, will provide a simple means of evaluating the tendency of a line to build 
surge. Field observation indicates that lines with over-all resonance factors of 20 
or less will generally prove satisfactory. 


— 


6. Covers do not completely eliminate surges but effectively and economically 
hold the surge amplitudes to tolerable magnitudes. 

7. Since making and stopping deliveries will always induce transient oscillations, 
it is useful to provide ample freeboard between the cover and the top of the baffle. 


8. Vents are ineffective as a means of surge control. 
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Title No. 50-34 


Lightweight Prestressed Concrete’ 


By FRED E. KOEBELT 


SYNOPSIS 
Preliminary tests were performed on beams cast from lightweight expanded- 
shale concrete to determine the applicability of this type of aggregate for 
prestressing. Tests were also made on similar beams with grouted and non- 
grouted prestressing steel. Results are plotted in graphical form and 
conclusions drawn from test results are presented. 


INTRODUCTION 


Since the advent of linear prestressing of concrete in the United States 
on a large scale, there has been an intense interest in the possible use of light- 
weight aggregate for prestressed concrete members. Advantages of light- 
weight concrete from a standpoint of precasting and factory production are 
obvious. Realizing the potential value of prestressed lightweight concrete, 
Carter-Waters Corp., Kansas City, Mo., and Prestressing Inc., San Antonio, 
Texas, entered into a joint research program in an attempt to determine 
some of the unknown factors in lightweight concrete. 

The prime purpose of this investigation was to determine the following 
properties of an expanded-shale concrete: (1) modulus of elasticity in flexure; 
(2) amount of creep, or plastic flow, under continuously applied loading, 
such as is the case in prestressing; (3) shearing strength of the lightweight 
concrete; and (4) a comparison test between nongrouted and grouted pre- 
stressed members. 


TEST MEMBERS 


Three 20-ft beams, designed for a roof system, were cast with ducts to 
accommodate the prestressing steel placed after the concrete had set. One 
beam was used for a short-time test and two beams were used for a continuous 
test over a 120-day period. Properties of the short-time test beam (Fig. 1) 
are as follows: 

Area = 108.3 sq in. 

= 5166 in.‘ 
47.6 sq in. 
6.89 in. 
10.0 in. 

Design load = 19,500 lb 

*Presented at the ACI Sixth Regional Meeting, Houston, tm Oct. 30, 1953, Title No. 50-34 is a part of copy- 
righted JouRNAL OF THE AMERICAN CoNncRETE INstITUTE, V. 25, No. 7, Mar. 1954, Proceedings V. 50. Separate 
prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later than 
July 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 


+tMember American Concrete Institute, Vice-President and Chief Engineer, Prestressing Inc., San Antonio 
Texas. 
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Fig. 1—Prestressed beam details 


Calculated cracking load = 37,400 lb (without losses) 
Modulus of rupture = 700 psi 
Where 7. = moment of inertia of the section 

= radius of gyration of the section 


Y, = distance from the center of gravity of the section to the outer fiber of the 
section 
Total initial prestressing force = 113,500 lb 
Beam 32-days old at time of testing 


MATERIALS 


Materials used in all test beams were lightweight concrete, made from ex- 
panded-shale aggregate, high tensile strength steel, and mild steel which was 
used for stirrups in the end blocks and placing steel to hold the rubber tubing 
used to form ducts in the concrete. Two # 4 bars were placed continuously 
along the bottom flange of the beam. The following are the properties of the 
materials. 


High tensile strength, stress relieved, prestressing steel 
Diameter = 0.250 in. 
Area = 0.049 sq in. 
Minimum ultimate strength = 220,000 psi 
Yield strength = 183,000 psi 
Initial stress = 145,000 psi 
Modulus of elasticity = 27.5 X 10° psi 


Prestressing steel was placed to resist the moments introduced by third- 
point loadings. 
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Concrete 
Design strength (28-day) 
= 5000 psi 
Cement factor 
= 6.75 sacks per cu yd 
Slump 
= 1-2 in. 
Water (including absorption 
in aggregate) 
= 71% gal. per sack 
Aggregate 
= 1.1 cu yd BX Haydite 
per cu yd of concrete 
Unit weight of concrete 
= 105 |b per cu ft (ap- 
proximate) 
Cylinder strength tests 
(average) 
2 days—3000 psi 
14 days—4500 psi 
28 days—6000 psi 


INSTRUMENTATION OF THE SHORT-TIME TEST BEAM 


Fig. 2—Instrumentation of beam in testing rig 


The first test beam was set up for the short-time test and instrumented 
with various deflection and strain-measuring devices attached thereon (Fig. 2). 
Two Ames dials, with a least count of 0.001 in., were mounted firmly on the 
ground and measured deflection at the center of the beam with an average 
of the two readings used in the results shown herein. Gage plungers acted 
on a smoothly prepared surface on the bottom flange of the beam, where the 
deflection readings were also taken on a scale which had a least count of 1/32 in. 

Two type A-7, SR-4 electric strain gages were mounted on two wires of 
each cable group and the average of the readings, taken during the entire 
loading cycle of the beam, was taken as the strain in the wires. 

Three type A-5, SR-4 electric strain gages were mounted at the top and 
bottom of the beam, at the centerline, on an aluminum foil which in turn 
was bonded to the concrete, thus tending to equalize the effects of the rough 
surface of the flanges. The ayerage reading of each group of three gave 
the magnitude of strain existing in the outer fibers during the loading cycle, 
with readings taken throughout the entire loading cycle. 

All strain gages were connected in series to a Baldwin Type K indicator 
through a switching unit adapted for the test, and hydraulic gages for the 
loading rig and the prestressing jack were calibrated with a dead load by a 
Kansas City testing laboratory and found to be accurate to within 2 percent. 

BEAM TEST 

The beam was placed in the testing rig unstressed, strain gages and dial 
gages were placed, and initial zero readings were then taken. During pre- 
stressing deflection and strain gage readings were taken throughout the 
operation. After the total prestressing force was developed, the beam was 
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loaded with 70 percent of the design live load, with third-point loading, and 
allowed to stand. Strain gage and deflection readings were taken immediately 
and thereafter in increasing time increments until the rate of change in strain 
and deflection decreased substantially. The load was then removed and the 
beam allowed to stand unloaded until residual recovery ceased. 


Loading then proceeded continuously to 1.25 times the design live load 
with strain and deflection readings recorded, after which the beam was un- 
loaded and elastic and plastic recovery measured. Loading then proceeded 
to the crack load, was released, and the recovery measured, followed by 
loading to the point where cracking occurred across the entire middle third. 
Web cracking, because of the nature of the loading, became apparent at this 
point. The load was released and the recovery measured. Finally, loading 
was carried out to failure with deflection measured with the scale. 


LONG-TIME TESTS 


Upon completion of the short-time beam test, two more beams were tested 
over a four-month period at Kansas State College. These beams were similar 
to the one shown in Fig. 1, with the exception that the web was increased to 
5 in. and the flange widths increased to 111% in. Properties of these two 
beams are as follows: 

Area = 145 sq in. 

I. = 6454 in.* 

rf 44.5 sq in. 

r = 6.65 in. 

Y 10 in. 

Design load = 26,600 Ib 

Calculated cracking load: beam No. 1 = 38,259 lb (nongrouted steel wires) 

beam No. 2 = 39,470 lb (grouted steel wires) 

Total initial prestressing force (per beam) = 127,80C lb 

Both beams 32-days old at prestressing and 36-days old at application of initial load. 

The two long-time test beams were made from the same materials as the 
short-time test beam with the prestressing steel placed in a parabola between 
ends of the beams. 


Beams were loaded at the third points, with the design load, by loading 
the beams against each other through a system of two screw jacks and two 
coil springs. The two beams were maintained under design load for 121 
days, and the force in the prestressing steel was determined at various inter- 
vals, to determine stress loss in the steel. The prestressing force in the steel 
was determined by tensioning the end anchorage until the bearing plates 
were free to move, and then reading, on calibrated SR-4 strain gages attached 
to the rod of the hydraulic jack, the load necessary to free the end anchorage. 
Center deflection of the beams was also measured at various intervals during 
the 121 days under the design load (Fig. 3). 

After the 121-day loading test, the design load was released and a final 
loading test to destruction was performed. In beam No. 1, the wires were 
left ungrouted, and in beam No. 2, the duct containing the prestressing wires 
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was grouted under pressure. 
Both beams were loaded 
at the third points in a 
200,000-lb Tinius-Olson 
testing machine (Fig. 4) 
and the results of these 
load tests are shown in 
Fig. 5. 
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SHRINKAGE TESTS 


To determine the effects 
of shrinkage on the over- 
all stress loss, a 6 x 6 in. x 
10 ft. control specimen was 
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no prestressing steel was 
used. This specimen was 
allowed to stand in air 
during the entire test cycle and Berry strain gage readings were taken 
over a series of ten gage points (brass plugs imbedded in the concrete) to 
determine the change in length due to shrinkage. The average of these 
readings is shown in Fig. 6 with initial readings taken at 14 days. 











Fig. 3—Center deflection of 20-ft beams under design load 
(sum of two beams) 


SHORT-TIME BEAM TEST RESULTS 


The initial modulus of elasticity in bending for the short-time beam test 
was obtained from the initial deflection at 70 percent design load as follows: 
oe x é. x Fs) (where A = 0.188 in. and P = 13,600 Ib) 

648 2 “al’ 

E. = 3.24 X 10° psi 
This value reduced to 2.85 
x 10° psi after 46 hr of 
continuous loading with the 
deflection continually in- 
creasing at a decreasing 
rate during this period (Fig. 

7). 

After removing the load, 
the beam was allowed to 
stand until all apparent re- 
covery had ceased, and 
loading was then com- 
menced to 1.25 times the 
design live load with an 


apparent recovery of the Fig. 4—Nongrouted beam prior to third-point loading 


E 
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modulus of elasticity to 
3.15 X 106 psi. The load 
was again removed and the 
beam allowed to remain 
unloaded until all the re- 
covery had ceased. Fig. 8 
comenep ove, | s00ee | isa plot of deflection versus 

t time for the entire cycle 

| and shows the beam re- 
) covered almost 100 percent. 






































a BF OE Se Loading then proceeded 
_ on +6 to initial cracking, approx- 
imately twice the design 
load and close to the cal- 
culated value, with beam 
deflection characteristics as shown in Fig. 9. When the load was released, the 
cracks closed and almost full recovery was obtained. The beam was again 
loaded to the point where web cracking appeared which occurred at 43,000 
lb. Upon removal of the load, flange cracks closed and the web cracks 
became indistinct. Finally, the beam was loaded continuously to failure. 





Fig. 5—Load-deflection curves for grouted and nongrouted 
0-ft beams 


It was noticed that at 42,000 lb uniform cracks were distributed across the 
middle-third of the beam, where constant moment existed, due to the mild 
steel placed in the bottom flange for that purpose. The beam failed midway 
between 51,000 and 53,000 lb due to diagonal tension in the web. No evidence 
of compression failure was found. Due to the third-point loading, the outer- 
third portion of the beam was subjected to maximum shear but no shear 
reinforcement was provided 
because the beam had been 
designed for uniform load- 
ing. 

All test runs show a 
straight line relationship 
exists between the load and 
deflection to the design 
chien of Looe Yes! load, indicating the elastic 
behavior of the beam. It 
is interesting to note the 

“strain hardening” effect 
| Page ob preabressing obtained by the loading 
Prat cycles, with the straight- 
hed  ~ line portion of the curve 
: increasing after each cycle 
and the modulus of elas- 
ticity remaining fairly con- 
Fig. 6—Shrinkage of 6 x 6 x 10-in. Haydite beam in air Stant. 
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Strain gage readings on steel 
SR-4 strain gages mount- 
ed on the steel were read 
as the initial prestress was 
introduced into the steel 
and after the beam had 
been subjected to 70 per- 
cent of the design live load 
for 44 hr. At the end of 
this period an average 
change in strain of 525 
micro in. per in. was record- 
ed: which included strain 
losses due to seating of the 
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Strain gage readings on concrete 
Strains in the outer fi- Fig. 7—Deformation-time curve at constant 70 percent 
: design load 
bers of the concrete were 
obtained with SR-4 strain gages mounted on the top and bottom flanges of 
the beam and readings were converted to stress values (Fig. 10) utilizing the 
modulus of elasticity obtained from run No. 1 (Fig. 9). Fig. 10 also shows 
theoretical values of stress at the top and bottom fibers due to all effects, 
dead load, live load, and prestressing and with no loss of stress and 25 
percent loss, as assumed in the design. Recorded values fall within the 
envelope of calculated values, and the strain distribution indicates that the 
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Fig. 8—Continuous time-deflection curve 
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Distributed Cracks in Middle Third of Mange - 47,000 tie. 
Second flange Crock- First Web Crack - 43,000 Ibs. 


Apparent Crack Load - 39,000 Ibs. 
first Crack Reopened - 37,000 Ibs. 
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Fig. 9—Load-deflection curve for lightweight concrete beam 
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beam behaved elastically to the highest recorded load. 


LONG-TIME TEST RESULTS 
Modulus of elasticity 
The initial modulus of elasticity obtained under full design load was: 
E, = 3.38 X 10° psi; (where A = 0.3 in. and P = 26,600 lb) 
This value reduced to 2.75 X 10° psi after two days and to 1.73 x 106 
after 121 days of continuous loading at the design load. Fig. 3 shows de- 
flection versus time for the beams with full design load for 121 days. The 
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Fig. 10—Results of SR-4 strain gage readings 
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rate of increase in deflection 
or the slope of the curve is 
decreasing with time, and 
it is seen that half of the 
total inelastic deflection 
recorded occurred in about 
15 days. Since the increase 
in the inelastic deflection 
is a function of creep, it 
appears that the creepeffect 
is lessening and the values 
obtained in the test are a 
good indication of the final 
value of creep loss. fa 
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Measured loss of load in 
prestressing wires 


During the long-time 
test loading, the groups of 
wires were tested, with the 
beams under full design load, to determine the loss of load in each group 
over a period of time (Fig. 11). Losses due to shrinkage and creep in the 
concrete and creep in the steel are included with the average loss per group 
of wires in beam No. 1—8300 lb, or a stress loss of 28,300 psi in the wires, 
and in beam No. 2—6600 lb, or a stress loss of 22,400 psi. This is a percentage 
stress loss of 19 percent of the initial stress in beam No. 1 and 17 percent in 
beam No. 2. 











Fig. 11—Load in prestressing wires of 20-ft Haydite beam 


Fig. 6 shows shrinkage values for the Haydite beam in air, with initial 
readings taken at 14 days. Shrinkage that occurred during the load test is 
0.051 percent (Fig. 6) and transposed to stress loss in the steel is 14,000 psi. 
Assuming no stress loss due to creep.in the steel, 14,300 psi in beam No. 1 
and 8400 psi in beam No. 2 can be attributed to creep in the concrete. Fig. 
11 shows that the rate of increase in total loss of stress is decreasing rapidly. 
Guyon* suggests the following equation to define the percentage of the total 
creep in the concrete: 

Percent = 100 (1 — 10-— ) 

Where m is the time in months. 

Using this equation after 121 days, or four months, the percentage of total 
creep that has occurred in the concrete is 68 percent. 

The usual value for sand-gravel concrete used for stress losses in prestressed, 
post-tensioned concrete design is 15 percent, but for design of the lightweight 
test beams 25 percent stress loss was used. Total losses decreased rapidly 
(Fig. 3 and 11) with a decreasing shrinkage rate and hence the contributing 
effect of shrinkage was decreasing. Guyon’s equation indicates that the added 


*Guyon, Y., Beton Precontraint, Editions Eyrolles, Paris, 1951. 
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loss due to creep will be 
only one-third greater, thus 
giving an average total 
stress loss, due to creep, of 
16,800 psi which combined 
with shrinkage losses, is 
below the assumed value 
of 25 percent. 

The initial portion of the 
curve (Fig. 11) indicates 
the stress loss in the wires, 
due to elastic shortening of 
the beam and setting of the 
end anchorages, and since 
these are compensated for 
in prestressing they do not 


Fig. 12—Failure of nongrouted beam 


affect the stress loss values. 
Load tests 

After the long-time tests were completed, both beams were tested to 
destruction (Fig. 5). 

The modulus of elasticity in bending for both beams was equal to 2.31 x 
10° psi, a recovery from the final value under the long-time test load. Beam 
No. | was left ungrouted, while in beam No. 2 the passageways were grouted 
and the wires bonded. Both beams showed a straight-line relationship 
between load and deflection up to the design load. The crack load was less 
than that calculated, due to the third-point loading and the prestressing 
steel being placed in a parabolic shape. The nonbonded beam failed in com- 
pression in the top flange at 44,000 lb; no mild steel had been placed in the 
bottom flange of this beam and after initial cracking, the crack continued 
to open, raising the neutral axis rapidly, until insufficient concrete area existed 

for compression and failure 
occurred. Examination of 
the load-deflection curve 
(Fig. 5) for the nongrouted 
beam indicates that the 
slope flattened out toalmost 
zero and the ultimate bend- 
ing strength had _ been 
reached. Fig. 12 shows the 
failure of the nongrouted 
beam. 

Failure in the grouted 
beam occurred at 59,900 Ib 
due to diagonal tension 

Fig. 13—Failure of grouted beam under third point failure (Fig. 13 and 14) 
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which resulted from the 
third-point loading. The 
beam was not reinforced 
for shear in the outer third 
and failure occurred at the 
loading point. In the grout- 
ed beam, after the cracking 
load was reached, cracks 
were distributed over the 
entire middle third of the 
beam with the prestressing 
wire behaving much like 
ordinary reinforcing steel 
after initial cracking. In- 
spection of the beam after 
failure showed that an 
adequate grouting job had been accomplished (Fig. 15) with well-bonded wires 
and no apparent void spaces. Upon examination of the load-deflection curve 
(Fig. 5) for the grouted beam, it is seen that the curve has not flattened out 
showing that the ultimate bending strength of the beam had not been reached 
before failure. 


Fig. 14—Diagonal tension crack causing failure of grouted 
beam 


CONCLUSIONS 

Based on the test data, certain indications of the behavior of lightweight 
concrete made from expanded shale were obtained. It should be pointed 
out that these results were obtained from a given type of aggregate, water- 
cement ratio, cement content, time of test, and axial stress. Unknown factors 
will vary from those obtained with 
variation in any of the above factors; 
therefore, it should be understood 
that each lightweight aggregate must 
be considered on its own merits, and 
what is indicated by these resu'ts is 
not necessarily true for other light- 
weight-aggregate mixes. From the 
Haydite beam tests, the following 
conclusions are drawn: 

1. Strength of the mix was adequate for 
prestressing. 

2. The modulus of elasticity of the concrete 
is sufficiently high for prestressing. Reduction 
of the modulus value when the structure is if +" 
loaded for long periods does not appear exces- 5 4 z. 
sive, and the recovery, or increase in modulus 
of elasticity, when the load is removed and ea 
then reapplied is sufficiently high. a 

3. Stress-loss values due to shrinkage and 
creep in the concrete are not excessive and it Fig. 15—Grouted wires after failure 
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appears that an allowance of 25 percent of the initial prestressing force would be a satisfactory 
figure. 

4. The ultimate strength of a beam with grouted wires is greater than that of a beam 
without grouted wires, the cracking load is increased slightly, and the ultimate load of the 
ungrouted beam is much closer to the crack load. 

5. A lightweight prestressed concrete beam behaves elastically to the design load. Both 
fiber stress readings and load-deflection diagrams indicate that, within the limits of the 
accuracy of the measuring equipment, the material behaves as assumed in design. 

6. It is recommended that further tests be run varying the type of aggregate, water- 
cement ratio, cement content, and age at prestressing. 
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BY WAY OF SYNOPSIS 
J. M. PLowMan discusses concrete vibration techniques with respect to 
segregation, “‘bug-holes,” and workability. 


Equations are developed by Jack Moyss for analysis of concrete beams with 
longitudinal holes. 


Some early uses of thin-shell precast concrete are described by J. J. PotivKa. 


Dw 


CLosNER illustrates the method of cement mortar pipe lining as 


developed by the Preload Co. 


The subject of column ties is considered by GUNNAR BEETH, with elimination 
of interior ties, for most cases, the main theme. 


Ceci M. SHILSTONE comments on the “unit water content law” for concrete 


mix design. 


Vibrated Concrete (LR 50-11) 


I was most interested to see that the June 
1953 JouRNAL was devoted exclusively to 
the vibration of Research in 
vibration techniques has occupied my time 
for the last five years, and I would like to 
discuss one or two points arising from the 


concrete. 


papers. 

In the paper “Laboratory Tests on Vibra- 
tion of Concrete,” p. 901, Bergstrom states 
“Segregation can be diminished by reducing 
the water-cement ratio, by reducing the 
quantity of cement paste, or by resorting to 
more fine-grained grading.”” I would agree 
with the first two points, as this was my 
paper “The Influence of 
Variables in Vibrated Concrete,’ Concrete 
Building and Concrete Products. The last 
point, regarding fine-grained grading, is 
questionable as it has been found that there 


conclusion in a 
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is a limit to the amount of fines for vibration 
on a table if “rotational instability” is to 
be avoided, a description of which appears 
in Concrete and Constructional Engineering, 
February 1953. 

On p. 955, an account is given of “bug- 
holes,” in the paper by John H. Banker 
“Vibration Structural Work,” 
which in England are called “blow holes.” 
My experience in their remedy differs, how- 
ever, from that described by Banker; we 
find that decreasing the fines and increasing 
the maximum size of aggregate reduces or 
eliminates holes. Tight forms and rotational 
stability of the mix are, of course, essential, 
and it appears better to use vibration having 
primarily a vertical motion rather than hori- 
zontal, i.e., to hold poker vibrators at an 
angle to the surface of the concrete so that 


Practices in 


25, No. 7, Mar. 1954, Proceedings 
Address 18263 
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the concrete vibrates up and down to release 
the air, rather than from side to side. Simi- 
larly, form vibrators should be so placed so 
as to induce a vertical rather than horizontal 
action by, in the case of the electric-motor 
type with an eccentric rotor, arranging the 
axis of the shaft horizontal. 

Form oil should be as thin as possible and 
sufficiently viscous to maintain a coating on 
the form sides. Thick oils and grease tend 
to trap bubbles of air. We are now using, 
on a small scale, special paints which enable 
the forms to be stripped and cleaned more 
easily as well as requiring only one application 
for some twelve or more uses. 

Sower’s article, “Concrete Mix Design” 
in the “Letters from Readers’ section on 
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p. 959 in the same issue was most interesting. 
We have found that workability, as expressed 
inversely by the amount of energy required 
to fully compact a given weight of concrete 
at constant acceleration and frequency of 
vibration, is independent of the cement- 
aggregate ratio, and depends solely on the 
water content of the mix expressed as a 
percent of the total weight of the mix. An 
article on this subject appeared in a recent 
issue of the Magazine of Concrete Research. 
Finally, I see no reference in the papers 
to electro-magnetic vibrators, a type widely 
used in England. 
J. M. Prowman, University 
of London, King’s College, 
London, England 


Rational Analysis of a Concrete Beam with Longitudinal Holes 


(LR 50-12) 


Design of precast or cast-in-place beams 
with longitudinal holes, similar to Flexicore 
precast units, based on straight-line theory 
is facilitated by establishment of certain 
beam constants dependent on beam dimen- 
sions and hole size, with the constant for 
the amount of reinforcement and value of 
n separate therefrom to facilitate changes in 
varying moment requirements. Ease of 
application of formulas might increase use 
of such beams as conduit for heating or 
electrical duct in addition to savings in 
weight. Following are the derivations used 
to obtain the various constants in this method. 


Derivations 


Let M4 = the moment of the circular seg- 


ment about A — A (Fig. 1). 














Ma = 


R 
2 fx (y — CR) dy = 
CR 


R 
2 f(y — CR) (R — ¥°)% dy = 
CR 
Rs (36 — xC/2 + C2) 


Let A = area of the circular segment 


R R 
A 2fxdy = 2 f(x — y*)’? dy 
CR CR 


= R? (x/2 — 2C + C?/2) 
Solution of integrals 
R 
2 fy — CR) (R? — y*)"4 dy = 
CR 


R R 
2] fu(R? —y) dy — CR f (R* — y°) dy 
CR CR 





—— 


Fig. 1 (left)—Diagram used in developing Eq. (1) and (2). Right—Typical cross section used in 
deriving Eq. (3), (4), and (5) 
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R3 
3 4 — €2)}: | — CR 


2 ( os Na 
& -Sa- or ~ ar a 


Expanding 
(1 — C2)% = 
1—-% C24 
(1 — C2)% = 
1 — C*/2 — C*/8.... 
sin? C =C +C?/6... 


\ Insert in Eq. (a) 
; | dropping all 
| terms higher in 
exponent than C? 
as C is less than 
) one. 


a) 


36 04.. 


From where the summation yields M4 


Ma = R*(% — x C/2 + C%) 


R 
2 f(r — y*) dy = E VR? -y? —-y+ 
CR 


R R°x 
R? sin=! ‘| = = — CR? (1 — C€2)’2 
R lor 2 


R?x C3R? 


— R* sin" c|- is — CR? + —R*C 


From where A is found. 
= R? (4/2 — 2C + C3/2) 


From Eq. (1) and Fig. 1 (where CR = 
mR — Kd and C = m — Kd/R). 


Ma = R(36-F +cr) =m | 96 -| 
¢ Kd\? 
R 
5 aca 


_ 2m 


= (Ka) + = 7 a | 
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| «xa + R (Kd) (= ~ 2m) 
+ R? (35 ‘ve 
= R (an _ =) = R (2m — 1.57) 
2 
= R? (3 es = m nm) = R? 


(0.67 — 1.57m + m?) 
Ma = R[(Kd)* — a, Kd + ay]..........(3) 
Taking moments 
(S = No. of holes). 


about the neutral axis 


> (Ka)? ~ 6M, — ad. 4 = KH *6 


Divide through by S and let nA,/S = as 


i 
55 (Ka)* — Ma — a3 (d ome Kd) _ 0 


“+ 


= . 
3S (Kd)? 


ray 


— R (Kd)? + Ra, Kd — Raz — 
asl + a; Kd = 

(2 gp r) (Kd)? + (Ra, + a3) (Kd) — 
(Raz + a; d) 


b — 2RS Ra, + as; 
Let a, = : °a = > and 
Ss as, 


=0 





Raz +4; d 


a4 


ag = 


From where 
Kd = — as + ¥ (as)? + 2a... 
E . b/2(Kd)?—SM,4 
i = (d — Kd niece 
Pe. eee 
and from ordinary reinforced concrete theory 


fi 
= = b (Kd) (jd) 


M, = Asf.jdand M, 


Design procedure 
Step 1 
Step 2 


compute constants a; through as 
—solve for Kd by Eq. (4) 
Step 3—solve for M4 by Eq. (3)* 
Step 4—solve for A by Eq. (2)* 
Step 5—solve for jd by Eq. (5)* 
Step 6—solve for allowable M, and M, 
Typical example 


Assuming R = 2.3 in., b = 12 in, 
5.4 in., j = %, Ae = 0.72 sq in, n 


*Note that steps 3, 4, and 5 can be omitted i 
assumed to be 7% which it closely approximates. 
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S = 2, mR = 3.1 in., fe = 1700 psi, and 
fs = 20,000 psi. Then m = 3.1/2.3 = 1.35, 
m? = 1.82, 1.57 m = 2.12, 0.67 m = 0.9, and 
2m = 2.7. 
Step 1 
a, = 2.3 (2.7 — 1.57) = 2.6 
a2 = 5.3 (0.67 — 2.12 + 1.82) = 1.96 
a; = 8/2 (0.72) = 2.88 
a, = (12 — 9.2)/2 = 1.4 
a; = [(2.3 X 2.6) + 2.88]/1.4 = 6.33 
ae = [(2.3 X 1.96) + (5.4 X 2.88)]/1-4 
= 14.35 
Step 2 
Kd = — 6.33 + ¥40 + 28.7 
— 6.33 + 8.29 = 1.96 
Kd? = 3.84 
Step 6 
M, = (20 X 0.72) (% X 5.4) 
68 in.-kips (controlling) 
M. = 4% X17 X 1.96 X 4.72 = 
78.7 in.-kips 
Increase A, to 0.93 sq in. 
a, = 2.6, a2 = 1.96, as = 2.88 X 1.29 
= 3.72, ag = 1.4, a5 = (5.98 + 3.72) 
1.4 = 6.93, and a, = [4.5 + (15.55 X 
1.29)]/1.4 = 17.5 
Kd = — 6.93 + ¥ (6.93)? + 35 = 
— 6.93 + 9.12 = 2.19 
M, = (20 X 0.93) XK 4.72 = 88 in.-kips 
M. = (0.85) X 2.19 XK 4.72 = 88 in.-kips 
Solving for jd by Steps 3, 4, and 5 where 
CR = mR — Kd = 3.1 — 1.96 = 1.14 and 
C = 1.14/2.3 = 0.5. 
Step 3 
M4 = 2.3 [3.84 — (2.6 X 1.96) + 1.96] 
= 2.3 X 0.71 = 1.63 
Step 4 
A = 5.3 (1.57 — 1.0 + 0.03) = 3.18 
Step 5 


= (5.4 — 1.96) + 
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(6 X 3.84) — (2 X 1.63) 
(12 X 1.96) — (2 X 3.18) 
+ 1.15 = 4.59 
j = 0.85 





= 3.44 


Similarly, solving for j with A, = 0.93 sq in. 

j = 0.87 

Extension of the preceding formulas for 
use in beams reinforced for compression re- 


quires modification of constants a; and as for 
solution of Kd as follows: 


Ra, + a; + a;’ 


a4 


a5 


Ras aa a3 d oF a;' d’ 
n= 
a4 
Where a;’ = nA,’/Sandd’ = distance from 
top of beam to center line of compression 
steel. For solution of equation for jd, Eq. (5) 
would be modified as follows: 


jd = (d — kd) 


t 
> (kd)? + Sa;' (kd = d’) — SM, 


eg : : 
bkd — SA oa Sa;' 


Analysis of beam for shear would be based 
on the presently accepted formulas where 
unit shear equals vertical shear divided by 
the net area times 7. Data available that 
would modify this assumption would be 
appreciated. It might be advisable to review 
the beam for punching shear as well as longi- 
tudinal shear, or unit shear = vertical shear 
divided by net area times K, and limit unit 
shear to a maximum of 0.2 f.’ as a conserva- 
tive measure when punching shear is analyzed. 


Jack Moyssg, Consulting 
Engineer, Louisville, Ky. 


Thin-Shell Precast Concrete (LR 50-13) 


The series of papers describing construction 
techniques for thin-shell precast concrete in 
the May 1953 JourNaL are a valuable con- 
tribution to modern economical design. Un- 
fortunately, as in many other fields of techni- 
cal progress, it takes a long time before new 
structural types and construction methods 
receive full recognition, appreciation, and 


broad application. In the papers presented, 
thin-shell precast concrete is described as 
“a comparatively new development” and 
“novel technique,” and as being “‘first utilized 
in the fall of 1944 in the construction of a 
landing craft.” 

It should be noted, for the sake of future 
structural developments, that this method 
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was conceived and applied before 1944 in the 
United States and abroad. The writer used 
this method in Switzerland in 1915, and then 
in the following years in several European 
countries. Of special interest is a structure 
designed by the writer at the Paris Interna- 
tional Exposition of Arts and Techniques in 
1937, in which thin-shell precast floors were 
utilized. Slab units 1.05 in. thick were 
strengthened by cross ribs, 1 in. wide at the 
bottom and tapered, with a total depth of 
less than 2! in. A similar arrangement is 
shown in Fig. 1 in the paper by Montgomery 
and Atkinson, ‘““Thin-Shell Rib Panels Site 
Fabricated in Plastic Molds,” p. 781. The 
vibration method used allowed the steel 
forms to be removed immediately. 

Concrete and slabs were tested in the En- 
gineering Materials Laboratory of Paris 
Ecole des Ponts et Chaussees. The mix was 


Pipe Lining (LR 50-14) 


The subject of pipe linings covered by J. 
Wright Taussig in the September 1953 
JourNAL (“Cement Mortar Pipe Linings,” p. 
13) was an excellent treatment, but is weak- 
ened by the implication that there is only one 
method of successfully accomplishing cement 
mortar pipe lining. 


No mention was made of the method of 
pipe lining developed by the Preload Co., 
and successfully used on nearly 600,000 ft of 
pipe in diameters ranging from 24 in. to 11 ft. 
This method eliminates some of the steps 
necessary in the process described by the 
author while producing the same end result. 


Pneumatically placed cement mortar, 
known for its high density, strength, and 
excellent utilized. An approved 
plasticiser is included in the mix to produce 
greater smoothness and to eliminate surface 
hair cracks. Water-cement ratio is controlled 
at a constant quality by the operator of the 
lining machine. The necessity of conveying 
mortar to the lining machine by hand labor is 
eliminated. A mixer on the surface batches 
the dry mix and discharges it into a cement 
gun. The dry mix is carried down to the 


bond is 
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designed with one part cement, one part 
fine sand from the Seine river, and three parts 
sand with a maximum grain size of 0.17 in. 
Compressive strength at 28 days was 7800 
psi. Thin-shell slabs had bearing capacities 
ranging from 320 to 360 lb per sq ft (design 
was for a live load of 80 lb per sq ft). Cost 
of the complete floor units in place (in 1937) 
was $0.20 per sq ft which is extremely low 
even when the low wages ($0.25 per hr), and 
cheap materials ($0.50 per sack cement) are 
considered. Another structure designed by 
the writer where the principle of thin-shell 
precast units was used is the 50,000 sq ft 
roof of the Corn Exchange building in Rotter- 
dam, Holland, and described by the writer in 
the Architectural Record in 1939. 


J. J. PoutvKa, Consulting 
Engineer, Berkeley, Calif. 


lining machine by air and discharged through 
a revolving nozzle. Water is admitted at the 
nozzle and rotating trowels immediately fol- 
lowing the nozzle produce the surface finish. 
No joints are necessary; the lining may be 
continuous the full length of pipe line. Only 
two men, the operator and his helper, are 
required inside the pipe line to operate this 
machine. The compressor, gun, and mixer 
are all on the surface. 

Removal of tubercles and cleaning the pipe 
surfaces to receive mortar lining is simplified 
by this method. A machine, also pneumati- 
cally propelled, is used to perform all but 
the most difficult cleaning. Cleaning is done 
with scrapers and/or flails as may be needed. 
No water is required for cleaning and once 
the line is drained it remains dry throughout 
the cleaning and lining operation. 

Projects utilizing this method are currently 
under way in Canada, England, and the 
Union of South Africa. Considerable work 
has already been completed in the United 
States, Canada, Mexico, and England. 

J. J. Cnosner, Vice-Presi- 
dent, Preload Co., Inc., New 


York, N. Y. 
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Simpler Column Ties (LR 50-15) 


Column ties represent a secondary type of 
reinforcement, seldom given much attention 
by the designer, and the interior ties, used at 
present in square or rectangular columns 
with more than four longitudinal bars 
(Fig. 1), are a nuisance in the field, both to 
superintendents and reinforcement fabri- 
cators, as well as to those who place and 
vibrate the concrete. 

As interior ties occur frequently, it is 
worth while to re-examine the theories for 
them, and it is the writer’s opinion that 
interior ties can be eliminated with only 
one exception. For a long rectangular column 
(Fig. 1), additiontal ties at the middle of the 
long sides stabilize the reinforcement during 
placing of concrete. 


Purpose of ties 

Search of American literature reveals that 
only three main reasons have beer’ advanced 
for ties.!:?.4 



























































Fig. 1 (top)—Examples of present tie 
Bottom—Examples of writer'srecommended prac- 
tice with no interior ties except in unusual cases 


ctice. 
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1. To restrain the longitudinal bars during 
placing of concrete. 


2. To restrain the bulging action of the 
concrete by (a) directly, through the tie 
action on the concrete, or (b) indirectly, 
through preventing the longitudinal bars 
from moving outward under the transverse 
load due to the expansive force of the concrete. 


3. To prevent longitudinal bars from 
buckling outwardly under the action of 
longitudinal loads. 

Each of these three main purposes shall 
be considered separately in the following. 


1st purpose—Interior ties are obviously not 
necessary if the bars and outer ties are wired 
together at intersections. 

2nd purpose—Ordinary ties, in spite of 
small end anchorages, restrain to some extent 
the bulging action of concrete; howéver, this 
is not the principal reason why interior ties 
are used in columns, and it seems that this 
slight restraint is out-weighed by their dis- 
advantages, for instance, small horizontal 
clearance between ties interferes with vibra- 
tion and placing of concrete. 

Considering that interior ties are provided 
in proportion to the number of longitudinal 
bars above four, and not in proportion to the 
stresses in the concrete or to the dimensions 
of the column, it seems their selection is not 
consistent with the purpose of restraining 
the bulging action of the concrete. 

Since interior ties are not used in columns 
with four longitudinal bars, they may as well 
be eliminated in columns of the same dimen- 
sions and with the same unit stresses but with 
more than four bars, if these ties only act 
to restrain the bulging action of the concrete. 


3rd purpose—Contrary to what has long 
been accepted by many, the writer believes 
that column ties are not necessary for pre- 
venting outward buckling of the main rein- 
forcement, as the concrete, before failure, 
stabilizes the longitudinal bars sufficiently 
from buckling prematurely in any direction. 

In the following, the writer analyzes longi- 
tudinal bars as “columns,” subjected to axial 
loads and supported transversely by the ties. 
Analysis of one of the bars will be carried 
out with the aid of Euler’s well-known column 
formula. 
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nw EI 
L? 


which may be expressed as 


P = 


2 
ua P 


Where L is the length over which the bar 
‘an be transversely unsupported, while sub- 
jected to the load P, and E is the modulus of 
elasticity of the bar. 

Tests‘ have shown that when a column is 
subjected to long-term loads, steel stresses 
rise considerably due to flow of the concrete, 
and the longitudinal reinforcement carries 
full yield-point stress at strains far beyond 
yield-point For structural steel, 
just past the yield point, EF is approximately 
zero and from Euler’s formula L equals zero.* 
This means that when the steel has passed its 
yield point, the bar must be supported trans- 
versely along its full length. As spacing of 
column ties is often 16 times the diameter of 
the vertical bars, the ties cannot support 
these bars, which would have buckled between 
the ties, had they not been fully supported 
by the concrete. 


strains.® 


Tests 


The writer had no facilities to test the 
influence of interior ties, but much can be 
learned about them from existing reports of 
former tests. 

With the exception of one special case, 
insignificant for practical purposes,® the 
writer has not found any evidence that 
column ties prevent premature buckling of 
the bars. On the contrary, many report that 
failure of all elements of the columns ap- 
parently took place at the same instant,’ and 
the buckling of the vertical bars took place 
as the concrete was failing. 

Hjalmar Granholmf advocates elimination 
of interior ties, and points out that, although 
European tests are inconclusive, it is possible 
indirectly to see from some German tests* 
that: different spacing of equal ties at 6, 9, 
and 12 times the diameter of the bars seemed 
to have no influence on column strength. 

*It is not strictly correct to use the Euler formula 
this way, as this has not been shown to be valid for the 
limit value of E = 0. However, the formula is valid 
for any small, or infinitely small, value of Z, and when 
E approaches zero, L also must approach zero. 


+Dean of Civil Engineering, Chalmers University of 
Technology, Gothenburg, Sweden. 


603 


This, Professor Granholm states, seems to 
indicate that not the ties, but the concrete 
prevents the bars from buckling. 

It is believed that research along these lines 
would be worthwhile, and the writer proposes 
that tests should include two groups of columns 
with varying cross sections and equal in ail 
respects, except that one group have interior 
ties. The number of equal columns should 
be sufficient to distinguish small differences 
in the average column strength between the 
two groups, as compared to individual 
strength variations in identical columns. 
The following series of tests are suggested by 
the writer. 

1. The first series would include columns 
subjected to design loads for eight months, 
and afterwards loaded to failure. These 
should be made under normal field conditions, 
and as far as possible, be of the same dimen- 
sions as commonly used in construction. 
Furthermore, columns should be made with 
forms of field quality, and cast and vibrated 
in the field by workmen with field experience 
in these operations, not laboratory personnel. 
These would be the main series of tests, and 
should include more than half the columns 
to be tested. 

2. The second series should also include 
columns subjected to design loads for eight 
months and afterwards loaded to failure, 
but these should be made with perfect forms 
and cast with the utmost care by laboratory 
personnel to obtain as uniform a concrete 
quality as possible in both groups of columns. 
These specimens, if so desired, could be made 
shorter than normal columns. 

3. The third series should also be placed 
with the utmost care under laboratory con- 
ditions, but columns should be loaded to 
failure without being subjected to design 
loads for any considerable time. 


Advantages of the proposed change 


Elimination of interior ties in square or rec- 
tangular columns with more than four vertical 
bars, the writer believes, has the following ad- 
vantages. It is easier to cut, bend, and place 


a single type of column tie. Moreover, dry 
high strength mixes can be placed easier with 
less segregation, and factors, such as reinforce- 
ment interfering with vibration, and honey- 
combing are minimized. 
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Mix Design (LR 50-16) 


I read with great interest George B. Sowers’ 
comments on “unit water content law” in 
the June 1953 JournaL (“Concrete Mix 
Design (LR 49-22),” p. 959). Mr. Sowers 
has expressed in his short letter my own 
experience and belief in connection with 
concrete mix design. 

I thoroughly agree with his conclusions, 
i.e., there quite possibly is a place in the 
science of concrete for a “unit water content 
law.” There is sufficient proof available, 
not only from my office but others as well, 
so that resistance to freezing and thawing 
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p. 342 and point 15, p. 328. 

5. Lyse, Inge, “Fifth Report on Column 
Tests at Lehigh University,” ACI JourRNaAt, 
June 1933, Proc. V. 29, point 3, p. 442. 

6. Lyse, Inge, “Fifth Report on Column 
Tests at Lehigh University,’’ ACI Journat, 
June 1933, Proc. V. 29, point 6, p. 441. 

7. Richart, F. E., “The Structural Effec- 
tiveness of Protective Shells on Reinforced 
Concrete Columns,” . ACI Journat, Dec. 
1946, Proc. V. 43, p. 359. 

8. ‘“Versuche an Kisenbetonsiiulen,”’ 
Deutscher Auschuss fiir Eisenbeton, Heft 5, 
21, 28, 34, 77, 81, 87, 92, 98, and 99. 

GuNNAR BEETH, Chicago, II. 


should be included in the law. 

When my office conducts 
designs we invariably consider as a 
requisite to the design, for a given set of 
materials, the lowest total water per cubic 
yard which can be used and then proceed 
with the customary design on a basis of the 
water-cement law. I certainly think there 
is a world of information to.be' presented as 
a follow up of Mr. Sowers’ expression. 


mix 
pre- 


concrete 


Crectn M. SHILSTONE, Shil- 
stone Testing Laboratory, 
New Orleans, La. 





of Significant Contributions in Foreign and Domestic Publications 


Dams 
Dalles Dam—A $350-million giant 


Engineering News-Record, V. 151, No. 17, Oct. 22, 
1953, pp. 29-32 


Reviewed by S. J. CHAMBERLIN 


The project, 47 miles above Bonneville 
Dam, on the Columbia River, will reportedly 
cost more than any single power and navi- 
gation project built to date. Much of the 
work is to be done virtually in the dry on 
a riverside shelf. Work will be carried out 
under at least eight major construction con- 
tracts to avoid making commitments beyond 
actual appropriations. In addition, there is 
more competition in bidding, more flexible 
scheduling, and more time for detailed 
design. The spillway dam includes 330,000 
cu yd of concrete (no cooling required) and 
will contain 23 tainter gates 50 ft wide and 
4214 ft high, the “biggest ever.’”’ Con- 
struction of the 2150 ft long powerhouse will 
be in three phases, with the first phase 
involving 600,000 cu yd of concrete. Final 
major construction contract will include 
completion of the 3!4-million cu yd, under- 
water rockfill, closure dam. 


Experimental methods for the standardization 
in fixing the value of cement for the building 
of dams 


O. Katuauner, Jr., and J. Rosa, Transactions, 
Fourth Congress, International Committee on Large 
Dams, New Delhi, Jan. 1951, V. LI, pp. 539-550 
AppLiepD Mecuanics Reviews 

Aug. 1953 


To replace the present existing test of 
soundness by a test giving objective numerical 


values, a dilatometer with a watch indicator 
was constructed. This apparatus has proved 
efficient in practice for its speed in carrying 
out tests, for its precision, and its simplicity, 
in contrast to the intricate apparatus of 
Bauschinger, Guttman, and Amsler. 


Concrete for large dams (in French) 
F. Campus, Transactions, Fourth Congress, 
national Committee on Large Dams, New 

Jan, 1951, V. III, pp. 81-92 

AppLieD Mecuanics Reviews 
Aug. 1953 
In Belgium, three standard categories of 
cements containing granulated basic blast- 
furnace slag are used for large concrete dams. 
They are blast-furnace permetal- 
lurgical cement, and supersulfated cement. 
Results of a series of tests, beginning in 1934, 
are related briefly. They concern shrinkage, 
heat development, permeability, and ulti- 
mate stresses, up to 11 years, of mortars and 
concrete stored in various conditions (drink- 

ing water, sea water, and sulfated water). 
For the erection of the latest large dam 
built in Belgium, for the 
first time in Europe, of concrete with large 
aggregates (up to 150 mm) containing per- 
metallurgical cement and compacted by vibra- 
tion. Preliminary tests are related, as well as 
others, concerning concrete of high compact- 
ness containing cobbles as large as 200 mm. 
A new process of wet milling of granulated 
slag has been initiated in Belgium. Already 
used for the construction of a large dam in 
France, its latest development opens new 
prospects for the use of metallurgical cements. 


Inter- 
Delhi, 


cement, 


use has been made, 
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Claerwen Dam 
Proceedings, Institution of Civil Engineers (London), 
V. 2, Part I, No. 4, July 1953, pp. 463-474 
Reviewed by Aron L. Mirsky 
Interesting written discussion of article by 
H. D. Morgan, P. A. Scott, R. J. C. Walton, 
and R. H. Falkiner, which (with oral dis- 
cussion) was published in the Proceedings for 
May, 1953 (see “Current Reviews,” ACI 
JOURNAL, Oct. 1953, p. 174). Many points 
are covered, serving to enhance value of 
original paper. Reviewer was particularly 
struck by authors’ closing remarks anent 
the “academical approach.”” (To say more 
would be to spoil the pleasure of any reader 
game enough to look up this item. Suffice it 
to say that even those of the academic per- 
suasion will enjoy this, albeit somewhat 
wryly to be sure.) 


Statistical review of dam construction 

Rosert A. SUTHERLAND, Proceedings, ASCE, 

rate No. 355, V. 79, Nov. 1953, 57 pp., $0.50 
AvTHOR’s SUMMARY 


Sepa- 


A brief historical note is followed by a 
review of dam construction methods and 
their influence on the size and number of 
dams being undertaken. A tabulation of 
dams of 100 ft or more in height is given 
and forms the basis of other tables which 
summarize the heights, types, and chrono- 
logical progress of dam building. 


Design 


Limit analysis of arches 
E. T. Onat and W. Pracer, Journal of Mechanics 
and Physics of Solids, V. 1, No. 2, Jan. 1953, pp. 77-89 
AppPLieD MECHANICS Rev yIEWS 
Nov. 1953 (Symonds) 
The first systematic treatment of the 
effects of axial forces on both the kinematics 
and the statics of the collapse state, taking 
account of the fundamental theorems of 
limit analysis due to Drucker, Prager, and 
Greenberg. However, geometry changes 
under load are neglected, so that questions 
of stability require separate investigation. 
In the circular-arch examples treated in the 
paper, the axial forces did not appreciably 
affect the collapse mechanism, but the collapse 
load was lowered by about 13 percent (sym- 
metrical loading) and by about 10 percent 
(unsymmetrical loading.) 
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Influence lines for continuous girders 


S. P. Banerser, Civil Engineering and Public Works 
Review (London), V. 48, No. 560, Feb. 1953, pp. 


149-151 

AppLiep Mecuanics Reviews 
Nov. 1953 (Black) 
Presents method of obtaining influence 
lines for bending moments, shears, and re- 
actions in continuous beams using moment 
distribution. Three-span beam is solved in 
detail for illustration. Method may be 
extended to include variable moment of 
inertia and settlement of supports. Chief 
advantages claimed for the method are its 

simplicity and accuracy. 


Approximate design of two-way beam- and- 
slab floors for uniformly distributed loads 
(Naeherungsberechnung von Traegerrostdecken 
fuer gleichmaessig verieilte Vollbelastung) 

A. Hapet, Beton- und Stahlbetonbau (Berlin), V. 47, 


No. 8, Aug. 1952, pp. 188-192 
Reviewed by Rupo.ps Fiscui 
Simplifying the differential equation for 
plates by omitting the factor which contains 
the influence of the twisting moment leads 
to rapidly converging partial differential 
equations. Using these equations for con- 
trol, a simple method is developed to deter- 
mine the moments in both directions. This 
method gives close results under the following 
assumptions: (1) ends of the beams are 
freely supported; (2) twisting moments are 
neglected; (3) rectangular shaped floors 
shall have at least five beams in direction of 
the long span and four beams in direction of 
the short span, square floors shall have at 
least four beams in each direction; (4) all 
beams have the same moment of inertia; 
and (5) ratio of the sides may vary from 1:1 
to 1:2. Graphs and numerical examples 
illustrate the method. 


Bending of a constrained circular beam resting 
on an elastic foundation 
Enrico Votrerra and Ranpaut Cauna, Proceedings, 
ASCE, Separate No. 205, V. 79, July 1953, 13 pp., 
30.50 

Solution of the problem of a circular beam 
resting on an elastic foundation, loaded by 
concentrated symmetric forces and con- 
strained in such a way that the sections where 
the vertical loads are applied cannot rotate, 
is given in explicit form. Tables for de- 
flections, angles of twist, and bending and 
twisting moments are included. 








CURRENT REVIEWS 


Ultimate strength design for reinforced concrete 
—Why? 
Putt M. Ferauson, Proceedings, Texas Structural 
Engineering Conference, University of Texas, Mar. 
1952, pp. 72-93, $3 
AppLiep Mecuanics Reviews 
Aug. 1953 (Dunne) 
Author urges that the straight-line working 
stress theory of reinforced concrete design, 
on which present-day specifications are based, 
should be abandoned in favor of an ultimate 
strength theory. Straight-line 
seriously underestimates the compression 
load-carrying capacity of the concrete in 
beams and slabs. Procedure advocated in 
paper would lead to more economical use of 
both steel and concrete. 


theory 


Stresses and displacements in thin shells com- 

posed of cylindrical and spherical segments 

Mario G. Satvapori, Proceedings, ASCE, Separate 
) 


No. 293, V. 79, Oct. 1953, 22 pp., $0.5 
AvuTHOR’s SUMMARY 
Membrane stresses and displacements due 
to uniform load are derived for thin shells 
in the shape of a half-barrel closed at the 
ends by two quarter-spheres. Bending 
stresses are determined at the intersection 
of the cylinder with the sphere and at the 
horizontal boundary of the composite shell. 
The results are easily extended to other 
types of shells built by segments of cylinders 
and spheres, to dead load stresses, and to 
thermal stresses. 


Joint translation by cantilever moment distri- 
bution 
L. E. Grintrer and C. H. Tsao, Proceedings, ASCE, 
Separate No. 298, V. 79, Oct. 1953, 9 pp., $0.50 
AvuTHorRsS’ SUMMARY 
The Hardy Cross method of moment distri- 
bution has solved the problem of joint rotation 
in continuous structures in a simple manner. 
Joint translation (or sidelurch), however, has 
had to be dealt with in an indirect manner. 
Methods of correcting for sidesway include 
(1) an independent distribution of moments 
corresponding to each degree of freedom for 
translation, with interrelationships established 
by the solution of a number of simultaneous 
equations equal to the number of the degrees 
of freedom, (2) a sequence of partial side- 
sways, with joints restrained against rotation, 
which converge to the actual sidesway and 
form a series of corrections to the process of 


moment distribution, and (3) a_ reversed 
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technique by which the computed or esti- 
mated movements of the joints that ac- 
company used to determine 
the fixed-end moments for distribution. The 
method last mentioned has been effective in 
solving the problem of wind-stress analysis 
for tall buildings. 


sidelurch are 


The concept of cantilever moment distri- 
bution is presented in this paper as a direct 
method of permitting joint translation to 
take place as an integral part of the process 
of moment distribution. Three techniques 
are suggested for application of the method: 
(a) In many structures involving identical 
columns or chords, complete freedom of 
sidelurch is permitted by cantilever moment 
distribution without any special correction. 
(b) For structures with unlike columns or 
chords an approximate solution by cantilever 
moment distribution that does not eliminate 
all restraining forces at the joints can be used. 
(c) Cantilever moment distribution can also 
be used to determine the moments and lateral 
deflections of a substitute structure having 
identical columns or chords. Following this 
analysis, the lateral joint movements of the 
substitute structure may be used in the pre- 
viously cited reversed technique to determine 
a relatively accurate set of moments caused 
by sidesway in the structure with unlike col- 
umns or chords. 


Strength of columns elastically restrained and 
eccentrically loaded 

P. P. Brvaarp, G. P. Fisner, and Georce WINTER, 
Proceedings, ASCE, Separate No, 292, V. 79, Oct. 
1953, 52 pp., $0.50 


From AvuTHors’ SUMMARY 


The strength of simply supported columns, 
concentrically and eccentrically loaded, can 
be calculated by recognized methods. In 
the case of eccentrically loaded columns these 
methods of necessity account for the influence 
of plastic deformation. Most actual columns 
do not represent isolated members, but are 
more or less rigidly connected at the ends 
to other structural components. To approach 
this condition, the present paper deals with 
theory and tests relating to eccentrically 
loaded columns with equal elastic restraints 
at both ends. 

A precise analytical method and a simplified 
method are given for calculating the buckling 
loads for such columns for the case of equal 
end eccentricities. 
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Design of reinforced concrete beams of large 
initial curvature 
W. Wricut, Magazine of Concrete Research (London), 
No. 12, Apr. 1953, pp. 117-120 
AvutTHorR’s SUMMARY 

When the initial curvature of a reinforced 
concrete section is large in comparison to its 
depth, the stress can no longer be assumed 
to increase linearly outwards from the 
“gravity” (the axis about which the first 
moment of area is zero) axis and, as a result, 
the neutral axis is displaced toward the center 
of curvature. Appropriate equations for 
balanced design are derived and design charts 
for pure bending are given for one set of 
values of the permissible stresses and modular 
ratio. 


Analysis of buckling and bending of composite 
beams by means of the “‘creep-fiber method” 
(in German) 
R. Busemann, Stahibau (Berlin), V. 22, No. 2, Feb. 
1953, pp. 25-29 
Apptiep Mecuanics Reviews 
Nov. 1953 (White) 

Discusses the application to several prob- 
lems of a method that has been presented in 
two earlier papers by the author. (See 
Bauingenieur, V. 25, 1950, p. 418, and 
Stahlbau, V. 20, 1951, p. 105.) This method 
predicts the effect of creep in composite 
beams on the stresses and general behavior 
of such beams. Problems considered are: 
(1) redistribution of stress in statically 
determinate beams, (2) the same for statically 
indeterminate beams, and (3) beam with 
constant longitudinal compressive force. 
This last problem is the principal subject of 
the paper. 


Some recent developments in structural analysis 
and design 
A, J. Francis, Proceedings, Engineering Conference, 


Institution of Civil Engineers, Australia, 1953, pp. 
1-11 


Discusses elastic methods of analysis of 
pin-jointed frameworks, and describes a 
direct method of design of frameworks with 
redundant members. Elastic analysis of 
unbraced rigid-joint frames is then con- 
sidered with mention of cellular and shell 
construction. 

Factors of safety are discussed in relation 
to the shortcomings of structural analysis 
and the uncertainty of largely unregulated 
loading of the completed structure. 
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Design of frames by relaxation of yield-hinges 
J. Moruey Enauisu, Proceedings, ASCE, Separate 


No. 322, V. 79, Nov. 1953, 12 pp., $0.50 
AuTHor’s SUMMARY 
A method is developed for determining the 
loading condition that causes the collapse of 
a rigid frame structure. It is shown that the 
location of the “yield-hinges,” when the 
structure is on the verge of collapse, is inde- 
pendent of the stiffness of the individual 
members. The method consists of (1) 
arbitrary distribution of moments to the 
joints of the structure, and (2) adjustment 
of this distribution by the trial-and-error 
method until the highest ratio of* actual 
moment to limit moment—at any point in 
the structure—reaches a minimum. The 
location of the yield-hinges are the points 
at which these minima occur. 


The procedure is extended to account for 
the order in which the yield-hinges develop 
This order is dependent on the stiffnesses of 
the members and, therefore, the initial 
moment distribution must be consistent with 
the actual elastic properties of the structure. 
Similarly, the subsequent redistribution of 
moment—to minimize the highest values— 
is made in accordance with the elastic proper- 
ties of the structure. 


Factors governing the ultimate bending moment 
of normal reinforced and prestressed concrete 
beams, with reference to a proposed plastic 
theory 
SrepHen Revesz, Magazine of Concrete Research 
(London), No. 13, Aug. 1953, pp. 11-26 
AvTHor’s SUMMARY 

Different modes of failure of concrete 
beams are examined and classified. An 
analytical treatment is proposed in which the 
shape of the compression stress diagram for 
a given concrete strength varies with the 
ultimate bending moment for a particular 
section. The proposed ultimate load theory 
is compared with the results of 84 beam 
tests of the following types: (a) normally 
reinforced, (b) pretensioned, (c) post- 
tensioned unbonded, and (d) post-tensioned 
and grouted. 


Recommendation is made for the adoption 
of a “limiting” ultimate bending moment 
for a beam section of given dimensions and 
a particular concrete strength. Reasons are 
discussed which necessitate the use of the 
above “limiting’’ value. 





CURRENT REVIEWS 


Materials 


Plastifiers, air-entraining agents, and coloidal 
products (Plastifiaints entraineurs d'air et 
produits colloidaux) 


M. Durrez, Annales de L’'Institut Technique du 
Batiment et des Travaux Publics (Paris), No. 66, 
June 1953 


Reviewed by Puitire L. Meivitie 


A complete review of the advantages of 
concrete admixtures, 7.e., increased com- 
paction, strength, workability, waterproof- 
ness, decrease in adsorption and shrinkage, 
increased bonding strength, increased resist- 
ance to frost, improved hardening in cold 
weather, decreased bleeding, increased re- 
sistance to corrosive waters, ability to be 
placed under water and to be injected, re- 
sistance to faster unmolding, 
and easier manufacture of lightweight and 
nailable concrete. On the other hand an 
admixture is never a cure-all. Plastifying 
agents act by adsorption against floculation 
of the cement. Aijr-entraining agents are 
of the type developed and used in the United 
States. Curing compounds are the liquid 
membrane seals currently used in the United 
States. Dispersing agents are recommended 
for defloculating cements especially in 
colloidal mortars, and CaCl. for cold weather 
concreting. Foamed concretes are of sundry 
types depending on the raw materials used 
and the results desired. Waterproofing 
agents are of the paint types to be applied 
on the surface. Finally vacuum concrete, 
not a product but a process, is discussed at 
some length. 


dessication, 


Some aspects of American research on materials 
and design (Quelques aspects de la recherche 
sur les materiaux et les constructions aux Etats 
Unis) 

J. Brocarp, Annales de L’Institut Technique du 

—— et des Travaux Publics (Paris), Sept. 1953, 

v0. DO 


Reviewed by Puritiure L. MeLvILLe 


A thorough review of practice in the 
United States from the manufacture of 
portland cement to its uses with or without 
admixtures. Physicochemical research, 
especially on clinker, is stressed. Some dis- 
cussion on use of radioisotopes to measure 
moisture in concrete is included. Other 
materials discussed in the same article are: 
plaster, glass, ceramics, bricks, and paints. 
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Investigations of concrete and concrete making 
materials related to the expansion of canal 
facilities, especially third lock 

H. W. Munot, and T. L. Fruit, Final Report, United 


States Panama Canal Co., Apr. 1952, 184 pp. 

Reports studies on cement-aggregate re- 
action potential of available aggregates, 
fresh and salt mixing water from various 
sources, and two types of volcanic tuff being 
compared for use as pozzolans. 

Conclusions were that reactive aggregate 
components or materials were not present 
in local aggregates which would cause dele- 
terious reactions, destructive expansions, or 
distress when combined with any of the 
studied. Gatun Lake water was 
recommended for mixing and curing concrete 
in preference to other inland waters or sea 
water. Local tuffs were found suitable for 
use as pozzolans, particularly the uncalcined 
material from the Atlantic side of the isthmus. 


cements 


Rubber-asphalt mix seals paving joints 


Rautepwx Monson, 


Contractors and Engineers, Nov. 
1953, pp. 24, 25 


Describes and illustrates procedures and 
equipment for cleaning and re-sealing pave- 
ment joints. 


Subsealing concrete pavements with emulsions 
J. M. Lewis, Public Works, Sept. 1953, p. 139 
Al 


RBA Tecunicat INroRMATION DiGEst 
Oct. 1953 
A high-speed, labor-saving method of sub- 
sealing concrete pavements by forcing emul- 
sified asphalt under the pavement at atmos- 
pheric temperature has been developed by 
the maintenance department of the New 
York State Department of Public Works. 
Formerly where old concrete was 
pletely broken, it was necessary to 
the entire a 


com- 
remove 
rea to a depth of about 2 ft and 
replace with concrete or crushed stone base. 
This procedure proved costly and was not 
entirely satisfactory. Lately the state has 
begun repairing this type of break and pre- 
venting subsequent pumping by drilling a 
hole through the concrete 
asphalt emulsion under 10 to 15 psi pressure 
into the hole. The holes are then plugged 
with wooden pegs, and cut off flush with the 
pavement. Any material that may have 
escaped is broomed about and covered with 
stone chips. 


and pumping 
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Results of physical tests of road-building 
aggregate 


Bulletin, Bureau of Public Roads. Available from 
Superintendent of Documents, U. 5S. Government 
Printing Office, Washington 25, D. C., $1 

Reports results of Bureau of Public Roads 
laboratory tests of more than 9700 samples 
of ledge rock, crushed stone, gravel, and 
blast-furnace or smelter slag, and more than 
3400 samples of natural or manufactured 
fine aggregate, from sources all over the 
United States over the period 1895-1951. 

For both coarse and fine aggregates, the 
bulletin reports the name or lithogical 
composition of the material, and results of 
tests of bulk gravity, absorption, and sound- 
ness. In addition, for coarse aggregates, test 
results of abrasive loss, crushing strength, 
hardness, toughness, and weight of com- 
pacted aggregate are reported; for fine ag- 
gregate, test results of grading, fineness 
modulus, organic matter content, and mortar 
strength are shown. 


Effect in concrete of pellet and flake forms of 
calcium chloride 
J. T. McCaut and R. J. Criaus, Bulletin No. 75, 


Highway Research Board, 1953, 18 pp. 
AvuTHors’ SUMMARY 

Covers the effect of both pellet and flake 
forms of calcium chloride as admixtures on 
the following properties of portland cement 
concrete (with and without an air-entraining 
admixture): (1) compressive strength at 1, 
3, 7, 28, and 90 days; (2) modulus of rupture 
at the ages listed; (3) modulus of elasticity 
(sonic) at the ages listed; (4) entrained air 
content of fresh concrete; and (5) slump of 
fresh concrete as a measure of consistency. 
In addition, a short investigation was made 
on the relative effects of water and moist 
curing. 

Increases in compressive strength resulted 
from the use of calcium chloride as an ad- 
mixture, in either flake or pellet form. When 
used in ordinary concrete, the flake form 
was more beneficial than the pellet form at 
28 and 90 days; when used in-air-entrained 
concrete, the pellet form was more beneficial. 

Although the moduli of rupture of ordinary 
concretes at one to seven days were increased 
using calcium chloride as an admixture, the 
moduli of rupture of concretes 28 and 90 
days old were, in general, reduced by addition 
of flake chloride. Negligible changes or 
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lesser reductions were caused by the addition 
of pellet chloride. 

Significant decreases in moduli of rupture 
of air-entrained concretes at 28 and 90 days 
resulted from using some amounts of flake 
chloride; no significant changes in moduli 
resulted when the pellet form was used. 

Moduli of elasticity (sonic) of ordinary 
concretes at one to seven days were increased 
by addition of either flake or pellet calcium 
chloride to the mix. The effect in general 
of both flake and pellet chloride at 28 and 
90 days was not significant. Air content 
of ordinary concrete and air-entrained con- 
crete was generally increased by the addition 
of either flake or pellet chloride to the mix. 
Slump of ordinary concrete was increased 
by addition of certain amounts of flake 
chloride and decreased by addition of certain 
amounts of pellet chloride. Other amounts 
of both forms of chloride had negligible 
effects. Slump of air-entrained concrete 
was increased by addition of chloride, except 
4 percent pellet chloride; this amount caused 
a decrease in slump as compared to concrete 
containing no chloride. 


Pozzolanas—1. A procedure for the repro- 
ducible determination of pozzolanic reactivity 
K. M. ALexANDER, Australian Journal of Applied 


Science, V. 4, No. 1, 1953, pp. 146-157 

Describes a small-scale procedure for 
obtaining accurate and reproducible infor- 
mation on the strength developed by pozzo- 
lanic materials, in the presence of lime and 
water, at room temperature. Attention is 
drawn to the importance of rigid control, 
particularly in mixing the mortar and mold- 
ing the specimens. The influence of the 
operator on reproducibility of data is con- 
sidered in detail. 


Control of quality of ready-mixed concrete 


Publication No. 44, National Ready Mixed Concrete 
Assn., 3rd Edition, June 1953, 76 pp. 


Describes methods, applicable to well 
equipped ready-mixed concrete operation, 
which are helpful in controlling the quality 
of ready-mixed concrete. After brief dis- 
cussion of materials, more detailed attention 
is given to proportioning concrete and 
handling its constituents in the plant and 
in the transit mixer. 





CURRENT 


Pavements 


Highway department uses dark concrete on 
roads 
Constructioneer, Aug. 24, 1953, p. 79 

A 


ARBA Tecunicat INrorMATION DiGEstT 

Nov. 1953 

The Delaware Highway Department re- 

cently repaved part of Maryland Ave., 

Wilmington, and added emulsified carbon 

black to concrete. Curbs, sidewalks, and 

crosswalks are of uncolored cement, and 

darkened concrete in pavement adds con- 

siderable contrast for what is hoped will be 
additional safety. 


Danger—Slippery when wet 
C. E. Larson, Engineering News-Record, V. 151, No. 
18, Oct. 29, 1953, pp. 45-46 
Reviewed by 8S. J. CHAMBERLIN 

Field observations indicate that dangerous 
slipperiness can be caused by aggregate 
polishing in either bituminous or concrete 
pavements. Some stone sands have been 
particularly objectionable in concrete pave- 
ments. Until more known about the 
properties of materials that cause polishing, 
the prevention must be based on service 
records of the aggregates. 


is 


Calculation of depth of freezing and thawing 
under pavements 
Harry Carson and Mixes S. Kersten, Bulletin 


No. 71, Highway Research Board, 1953, pp. 81-98 

Presents data on ground temperatures be- 
neath runway pavements in Alaska. Gives 
a theoretical method by which depth of 
thaw can be computed. Discussion adds 
data which should increase reliability 
computed depths of thaw. 


of 


Technical development and problems of German 
highway construction (Technische Entwicklung 
und Probleme des deutschen Betonstrassen- 
baves) 
G. Srreir, Beton- und Stahbetonbau (Berlin), V. 47, 
No. 5, May 1952, pp. 118-122; and No. 6, June 1952, 
pp. 142-148 
Reviewed by Rupo.tren Fiscun 

A report on 25 years experience with 
concrete road building. Discussed are sub- 
grade, thickness of base and concrete pave- 
ment, reinforcement, joints, dowels, material, 
construction methods, tools, and machinery. 
The paper contains much valuable infor- 
mation on the subject. 
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Symposium on sawn joints in concrete pave- 
ment: California ivision of Highways 
experience report 
D. B. Evans, Southwest Builder and Contractor, V. 
121, No. 19, May 8, 1953, pp. 36-37, 40 
Hiauway Researcnu ABSTRACTS 
Oct. 1953 


Describes results of experimental work 
with sawed weakened-plane contraction joints 
in concrete pavements. 
to ribbon-type 


Although superior 
joints, those made with 
single- or multiple-blade power saws were 
more expensive and in some instances led 
to uncontrolled cracking of the pavements. 
Sawed joints made for easier finishing of 
concrete, better quality of concrete at joints, 
and improved riding qualities of the 
pavement. 

Reliable construction procedures and cost 
data are expected to result from further 
experience with this type of joint. 


Prestressed concrete 


Cold drawn prestressing wire 


J. L. Bannister, The Structural Engineer (London), 
V. 31, No. 8, Aug. 1953, pp. 203-218 
Reviewed by G. McLean 
Author examines the properties of cold 
drawn steel wire which affect its suitability 
for use in concrete. Experi- 
mental work described includes measurement 
of the elongation up to fracture of the cold 
drawn wire, of wires heat treated for 5 min 
at various temperatures, wire pre-stretched 
to 45-tons per sq in. (101,000 psi) and then 
reloaded, and wire aged under 
Relaxation tests were performed the 
various in a lever testing 
machine for 250 hr and the relaxation in 
stress plotted on a logarithmic time scale. 


prestressed 


tension. 
on 
wire 


types of 


The conclusion is drawn that the increased 
elastic range, improved ductility, and reduced 
relaxation loss at initial stresses less than 
60 tons per sq in. (134,000 psi) make the 
wire that has been treated at the optimum 
temperature superior to the as-drawn wire. 
The wire strain aged under tension has even 
better properties, including lower relaxation 
loss, than the as-drawn wire from an initial 
stress of 80 tons per sq in. 


The increase in steel strain by the appli- 
‘ation of temperatures such as would occur 
in a fire is also discussed analytically. 
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Continuity in prestressed concrete 


G. Maanet, Proceedings of the Symposium on Pre- 
stressed Concrete Statically Indeterminate Structures, 
Cement and Concrete Assn. (London), 1953, pp. 
77-94 (including discussion) : 
Avutnor’s SUMMARY 
Theoretical and practical difficulties in 
connection with prestressed continuous stati- 
cally indeterminate structures are discussed. 
Some examples given of statically indeter- 
minate prestressed structures constructed in 
Belgium include a two-story building at 
Brussels, a four-story building at Leopoldville, 
and the Sclayn bridge across the Meuse River. 
The paper ends with an appendix giving some 
results of measurements of the loss of stress 
due to friction. 


Tests on end-anchored unbonded prestressed 
concrete beams having parabolic steel eccen- 
tricity, subject to uniformly distributed loading 


F. W. Grrrorp, Magazine of Concrete Research 
(London), No. 13, Aug. 1953, pp. 27-36 
AvuTHor’s SUMMARY 

Tests were made ‘on a series of four rec- 
tangular beams in which the prestress was 
induced by two 5-mm wires placed in para- 
bolic grooves cast into the sides of the beams. 
The loading applied was approximately 
uniformly distributed, and while the widths 
of the beams were varied, the working stress 
in the concrete was maintained at approxi- 
mately one-quarter of the cube strength, 
necessitating varying initial stresses in the 
steel. 

The beams were tested to destruction, the 
main object being to establish the factors of 
safety against cracking and failure, and to 
obtain data in connection with the theory 
of the ultinate strength of prestressed 
concrete beams. 


Design of prestressed continuous beams of 
uniform section 
R. G. Rosertson, Magazine of Concrete Research 
(London), No. 12, Apr. 1953, pp. 97-106 
AvuTHor’s SuMMARY 

The economy of continuous prestressed 
beams is investigated, with particular 
reference. to three-span beams. Maximum 
moment envelopes and maximum moment 
coefficients for three-span beams of several 
span ratios are given, and compared to those 
for simply supported spans. 

At the critical section, prestressing may be 
arranged to neutralize the mean moment so 
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that the maximum stresses are equalized in 
top and bottom fibers; this results in an 
equation giving the beam dimensions in 
terms of the range of moment. 

At other sections the stresses are smaller, 
and the position of the cable may be adjusted 
so as to eliminate secondary moments; the 
required cable profile depends on the span 
ratios and the loading, and a method of 
determining a suitable profile is described. 

Precast beams erected as simple spans and 
subsequently made continuous are shown to 
be less economical in material than cast-in- 
place continuous beams when the preliminary 
cables required for the erection of the precast 
spans are left in place; haunched beams are 
shown to be less economical than beams of 
uniform section when live load predominates. 
Three examples illustrate the calculations for 
the three types of construction. 


Prestressed concrete pavements 


N. Cuaston, Constructional Review 


F, (Sydney), 
V. 26, No. 5, Sept. 1953, pp. 19-24 


Discusses briefly the effect of subgrade 
friction and temperature gradients across the 
thickness of a slab and shows how to deter- 
mine the amount of prestress required to 
counteract the tensile stresses produced. 
Various methods of applying prestress are 
described and details of completed prestressed 
pavements are given. 


Comparative tests on prestressed and reinforced 
concrete floors during and after fires 


L. A. Asuron, Civil Engineering and Public Works 
Review (London), V. 48, No. 569, Nov. 1953, pp. 
1035-1038 


Reviewed by James MICHALOS 


Comparative tests were made on prestressed 
concrete and reinforced concrete floors of the 
same span and load-carrying capacity to 
determine their ability to recover after fires 
of different durations. Residual deflections 
were small for both types of floor after the 
16 hr test. Results of the 1 hr test showed 
that the reinforced concrete floor suffered 
little more permanent deflection than in the 
16 hr test, but the prestressed concrete floor 
had a residual deflection after six days of 
about 1/200 span. Author concludes that 
repair of reinforced concrete beam would 
present no difficulty, but repair of the pre- 
stressed beam would be difficult. 








CURRENT 


Secondary stresses in statically indeterminate 
structures of prestressed concrete (in French) 
F. Pancnaup, Bulletin Technique de la Suisse Romande 
(Lausanne), V. 79, No. 6, Mar. 1953, pp. 65-75 
AppLieD Mecuanics Reviews 
Nov. 1953 (Simpson) 

Selection of the proper prestressing force 
and eccentricity in a statically indeterminate 
member is complicated by the fact that the 
prestressing affects the supporting forces, 
thus causing “secondary” moments in the 
structure. Author presents a method for 
shortening the necessary _ trial-and-error 
procedure. 

From an _ incorrectly stated equation 
representing the “condition of continuity,” 
a correct equation (resembling the well- 
known theorem of three moments) is derived, 
which expresses the secondary support 
moments in terms of the magnitude of the 
prestress forces and the variation in their 
eccentricity. Considering in succession beam 
on three supports, beam on four supports, 
fixed portal frame, and beam with fixed ends, 
author then derives expressions for the 
secondary moments. The effect of variation 
in eccentricity of prestress force along a 
given span is expressed in terms of a dimen- 
sionless quantity ~ and the maximum eccen- 
tricity. Values of uw for several common cases 
are derived. 

Expressions for prestress force necessary 
to avoid tension under full load are derived 
for each of above cases. These are somewhat 
approximate in that they include a guess as 
to location of critical section. However, the 
calculated prestress is only a first approxi- 
mation, since top and bottom fiber stresses 
due to the various loading conditions must 
still be checked. The aforementioned equa- 
tions for the secondary moments enable this 
to be done rapidly. 

Due to an inaccurate interpretation of 
some of the equations the author develops, 
he states incorrectly that secondary moments 
at midspan of a beam will usually increase 
the maximum compression at the top by 
15-20 percent and will not affect the stress 
at the bottom. 


Reviewer believes that author’s method 
should prove useful for the cases discussed. 
Although this method is general in appli- 
cation, for more complicated cases reviewer 
prefers an extension of the method of Parme 
and Paris. 


REVIEWS 


Properties of concrete 


Control of concrete quality 
Leonarp JoHn Murpock, Proceedings, 
of Civil Engineers (London), V. 2, E 
July 1953, pp. 426-453 

Reviewed by Aron L. Mirsky 


Institution 
art I, No. 4, 


A general, yet comprehensive, summary 
and discussion of the factors influencing 
concrete quality. On the basis that com- 
pressive strength affords a simple yet fairly 
accurate indication of quality, a substantial 
portion of the paper is concerned with the 
variation in strength of concrete cubes. 
Even the old-timer may find an idea or two 
in this paper. 


Concrete mixing and placing 

T. B. Appet, Jr., Construction Methods and Equip- 
ment, Oct. 1953, p. 94 

ARBA Tecunicat InrorMaATION Digest 
Nov. 1953 
First of a series on fundamental principles 
of concreting from the batching and mixing 
to the placing, in all types of structures and 
on surfaces, such as highways. In this 
issue, concrete plant discussion is divided 
into two major divisions: (1) portable and 
semi-portable, and (2) permanent. The 
first includes on-the-job plants, and plants 
for highway and airport construction. The 
second includes commercial ready-mix plants, 
concrete products plants, and mass concrete 
plants. follows batching 
plants, mix proportioning, and equipment 
needed. The choice of power unit is facili- 
tated by a discussion on the use of diesel, 
and and under 

various climatic conditions. 


Discussion on 


air- water-cooled engines 


Properties and uses of lightweight slag concretes 
N. Srurrernem, Bulletin No. 8, National Building 
Research Institute (South Africa), 1952, pp. 7-13 
Ceramic ABSTRACTS 
Sept. 1953 (Frankel) 
The slag available had average densities 
of 30 lb per cu ft for —0.5 to 0.25 in. and 
45 lb per cu ft for —0.25 in. to dust sizes. 
A lightweight mix comprises cement, 1 cu 
ft; 0.125- to 0.5-in. foamed slag, 8 cu ft; and 
water, 5 to 6 gal. When consolidated by 
tamping, such a mix has a dry compressive 
strength at 28 days of about 400 psi, dry 
density of 80 lb per cu ft, and thermal con- 
ductivity of 1.7 Btu per hr per ft? per deg F, 
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Investigations on the surface hardness of con- 
crete (Vizsgalatok a beton feluleti kemenyse- 
gere) 
K. Somoey1, Melyepitestudomanyi Szemle (Budapest), 
V. 2, No. 5, May 1952, pp. 249-255 
HUNGARIAN TECHNICAL ABSTRACTS 
V. 5, No. 2, 1953 
A continuous and well defined relation 
exists between cube strength and surface 
hardness of concrete. On this basis the 
index of the latter may furnish characteristic 
data in respect to the quality of the con- 
crete. The apparatus and method of measur- 
ing surface hardness developed by the 
author are described. A rotating tapered 
needle of determined size and material 
penetrates under a given pressure into the 
mortar on the surface of the concrete sample. 
Penetration readings may be taken with an 
accuracy of 0.01 mm. The result of tests 
carried out on concrete samples of varying 
age, mix, method of compacting, and curing 
‘ k 
san be expressed by the formula: o, = —- 
b4 
where o, denotes the cube strength in kg 
per sq mm, b the depth of penetration of the 
needle in mm, and k the factor depending on 
the type and grading of the aggregate and the 
method of compacting. Comparative 
measurements of surface hardness and cube 
strength, made on different types of con- 
crete, indicated the average k factor to be 
0.45. The same tests showed further that 
the relation between cube strength and 
surface hardness is defined by the constant 
0.776. 


Creep in concrete: Its nature and relation to 


shrinkage 
A. M. Nevitie, New Zealand Engineering, V. 7, 
No. 8, 1952, pp. 298-302 
HiGgHway ReseARCH ABSTRACTS 
July 1953 
After an examination of various theories 
concerning creep in concrete, it is suggested 
that creep as normally measured, consists 
of true creep (viscous in nature, with a 
gradual transfer of load to the aggregate) 
and increased shrinkage (due to evaporation 
and external Creep depends on 
stress applied and properties of the concrete; 
such factors as curing conditions, humidity, 
and temperature affect shrinkage only. It 
is pointed out that full quantitative data for 
confirmation of this theory are lacking. 


stress). 
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Some tests on the effect of air entrainment on 
the tensile strength and watertightness of 
concrete by making use of the splitting-test 
method 


J. Vuortnen, Transactions, Fourth Congress, Inter- 

national Committee on Large Dams, New Delhi, 
Jan. 1951, V. III, pp. 109-122 

AppPLIED MEcHANICS REVIEWS 

Aug. 1953 

The splitting-test method consists of load- 
ing the specimen by two narrow strips placed 
parallel at opposite sides of the specimen. 
The rupture is a splitting failure when the 
tensile strength of the material is exceeded. 
Best results are obtained using a diametrally 
compressed cylinder or a cube with centrally 
placed strips. 

Acceptance of the splitting test for deter- 
mining the tensile strength and watertight- 
ness of concrete would suggest the possibility 
that these properties as well as the com- 
pressive strength could be determined, using 
the same type of test specimen in each case, 
without the necessity of preparing specimens 
especially for each of these purposes. 


Setting-hardening-expanding (in German) 
R. Nacken, Zement-Kalk-Gips (Wiesbaden), V. 6, 
No. 3, 1953, pp. 69-78 
Ceramic ABSTRACTS 
Sept. 1953 (Hartenheim) 


Three hydrates seem to play an important 
part in the setting of cement: 
2Ca0 - 18102-1H20 (211), afwillite (323), and 
plombierite (112); also known are the lime 
silicates alite (310), belite (210), wollastonite 
(110), okenite (122), gyrolite (232), tober- 
morite (455), crestmoreite (223), xonotlite 


hillebrandite, 


(551), and foshagite (533). 
indicate the mole composition of CaO, 
SiOz, and HO. The first three minerals 
must be considered to be stable final products 
in aqueous 


The 


number: 


systems. Hardening is the 
process of single crystals growing into each 
other; they are probably oriented to give 
maximum strength. Volume changes in the 
process lead to expansion phenomena _ if 
compensation does not take place. CaO 
and MgO grains enclosed on all sides may 
transform into more voluminous hydrates 
and become dangerous. For MgO this volume 
change is presumably the greater as MgO is 
not absorbed by the hydrates of lime silicate. 
In the case of CaO, free hydrate of lime can 
exist only in rare cases as it disappears in 
the lime silicate hydrates. 





CURRENT 


Structures 


Reinforced-concrete workshop 
Engineering (London), V. 176, No. 4564, July 17, 
1953, p. 93 
Reviewed by Aron L. Mirsky 
Thirteen gabled frames placed 25 ft on 
centers were used in construction of a 300 ft 
long workshop. Span of each frame, center 
to center of columns, is 80 ft; column height, 
to top of knee, 40 ft; and maximum height, 
to top of ridge, 43 ft 3 in. Each column has 
bracket 16 ft above the 
floor, to take care of future expansion into a 
multi-bay structure; columns along one side 
are provided with crane brackets and rafter 
stubs on both inside and outside of structure. 
To facilitate erection, frames were precast 
in three sections, with bolted scarfed joints 
at the points of contraflexure of the rafters. 
Concrete purlins and gutters were also precast. 


a corbeled crane 


Relative economy of framed structures and 
structures with load-bearing walls 


N. E. Cooper, Concrete and Constructional Engineering 
(London), V. 48, No. 8, Aug. 1953, pp. 257-261 
Analysis, based on 1949-50 bid prices in 
London, found a reinforced concrete frame 
enclosed with nonload-bearing cavity walls 
more economical than construction of load- 
bearing brick walls with interior reinforced 
concrete beams and columns or load-bearing 
walls throughout for buildings of five stories 
or higher. Where pile foundations are re- 
quired, the economic limit for framed con- 
struction may be as low as three stories. 


Our airbases in France are different 


Watpo G. Bowman, Engineering News-Record, V. 
151, No. 18, Oct. 29, 1953, pp. 32-40 
Reviewed by S. J. CHAMBERLIN 


“Novelties in design and _ construction 
introduced by the French contractors furnish 
our supervisory personnel with much 

argue about and not a little to admire” 
particularly in walls for barracks buildings. 
A sandwich-type panel consisted of paper 
honeycomb placed between plaster boards, 
covered with a rippled aluminum sheet on 
one side for the wall exterior. Gypsum wall 
units, reinforced with coconut fibers, were 
precast to double as column forms for the 
field-placed concrete and were covered after 
placement with building paper, wire mesh, 


to 
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and stucco. concrete, weighing 
about 100 lb per cu ft and consisting of one 
size of gravel and only enough paste to coat 
the aggregate, could be field placed in wire 
mesh forms in full-story lifts because there 
was no segregation nor hydrostatic head. 
Exterior walls with 
on the outside and plastered on the inside. 
American design and 
used in frameless buildings, were pressed 
into shape by a unique 27-ton vibrator press. 
At another base, 80 lb per cu ft concrete 
panels were precast by including a 
emulsion. Other novelties include a drainage 
structure made up blocks concrete 
about 15 in. wide and 30 in. deep pierced 
longitudinally by an 8-in. diameter drainage 
hole over which is a continuous slit to admit 
the surface water. 


“Popcorn’ 


were covered mortar 


Concrete panels, of 


soap 


of of 


Basins of the new outdoor pool in Heidelberg 
(Die Becken des neven Freischwimmbades in 
Heidelberg) 


J. Atsrecut, Der Bauingenieur (Berlin), V. 
4, Apr. 1953, pp. 123-128 
Reviewed by Aron L. Mirsky 


28, No. 


A new twin-pool facility was built, complete 
with surfaced parking area (American plan- 
One of the pools is de- 
signed for waders and other nonswimmers, 
the other for swimmers; the 25 x 50-m water 
of that the 
swimming pool could be used for athletic 
meets. Article is primarily concerned with 
the problems of construction; two items of 
note are the degree of mechanization of the 
sarthwork and the pains taken to secure 
well-illustrated 
on a topic too seldom discussed. 


ners please copy). 


surface each was selected so 


watertightness. A article 


Concrete barrel-vault roof 


Constructional Review (Sydney), V. 2: 
1953, pp. 16-17 


12, Apr. 
A 140 x 519-ft cotton mill was roofed with 
fourteen 3-in. concrete barrel vaults because 
of their clean undersurface and lower thermal 
conductivity. Plans to use movable form- 
work were abandoned when early arrival of 
machinery required immediate shelter which 
was provided by constructing the formwork 
for half the building and covering it with 
canvas. The concrete was placed on this 
form which later dismantled and re- 
erected for the other half of the building. 


was 
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Application of vacuum concrete methods to a 

le structure with a reinforced concrete 
skeleton in Genf (Anwendung des Vacuum- 
Concrete-Verfahrens bei einem grossen Stahl- 
betonskelettbau in Genf) 


R. Wotr, Der Bauingenieur (Berlin), V. 
Apr. 1953, pp. 131-132 
Reviewed by Aron L. Mirsky 


28, No. 4, 


Describes application of method to con- 
struction of nine-story plus basement build- 
ing housing offices, shops, and a 1400-seat 
movie theater. Author notes that this is 
first time method was used in Switzerland, 
and project is first in Europe employing 
vacuum concrete for construction of floors 
and columns; he comments that results were 
so good application of method to similar 
projects in Germany may be anticipated. 
Savings demonstrated on job are listed in 
summary. 


Low-cost mass production of concrete houses 
Trp Brown, Rock Products, V. 56, No. 8, Aug. 1953, 


pp. 257-258 

Brief description of 80-house project in 
Omaha. Half-height size block 4 x 8 x 16 in. 
made architecturally pleasing walls. Slab- 
on-ground construction featured perimeter 
heating and troweled-in pigmented finish. 


Application of reinforced concrete to schools 


Feuix J. Samuety, Concrete and Constructional Engi- 
neering (London), V. 48, No. 9, Sept. 1953, pp. 289-299 

Describes applications of precast and pre- 
concrete in 16. British 
Cast-in-place concrete was used to provide 
continuity and structural rigidity and for 
nonrepetitive portions of the structures. 
Excessive combinations of precast and cast- 
in-place concrete were avoided for economic 
reasons. 


stressed schools. 


Author believes minimum number of like 
members justifying precasting is 50 to 100. 
Because small units are used in larger num- 
bers, standardization between structures or 
even within a single large structure is not 
considered essential. Main beams, of which 
fewer are required, demand more general 
standardization. 

Generally, units up to 40 ft long could be 
factory-made and transported to the site. 
Larger or more complicated shapes were 
best site fabricated. A number of con- 
struction details are shown. 
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Strip concrete pipe immediately 
Rock Products, V. 56, No. 10, Oct. 1953, pp. 190-193 


Portable plant utilizing continuous mixer, 
mechanical handling of low-slump concrete, 
and mechanical vibrators permits immediate 
stripping of unreinforced concrete pipe up to 
30-in. diameter by 8 ft long. 


Review of current research and directory of 
member institutions, 1953 
Engineering College Research Council of the American 
Society for Engineering Education, State College, Pa., 
330 pp., $2.50 

Biennial publication of ECRC listing 7500 
engineering research projects at 103 member 
institutions. About 5000 entries of research 
project subjects are indexed in all branches 
of engineering. Besides listing 
policies of each institution, names of principal 
research officers are given. 


research 


Concrete products for agriculture (Betonwaren 
in der Landwirtschaft) 
W. Kreper, Betonstein-Zeitung (Wiesbaden), V. 19, 
No. 6, June 1953, pp. 226-229 
AvuTHOR’s SUMMARY 

Deals with the quality requirements which 
must be met by concrete products used in 
agriculture. The following concrete prod- 
ucts are described: concrete windows, 
ventilating block, horse ponds, troughs and 
mangers, chutes for liquid manure and fecal 
matter, posts and pillars, concrete floors, 
fermenting containers for food and potatoes, 
dung and manure dumps, frames for fencing 
in vegetable and flower beds, greenhouses, 
and others. 


Welded reinforcement for monolithic structures 
of reinforced concrete (in Czech) 
J. Orator, Stavebni Prumysl (Prague), V. 2, No. 1, 


Jan. 10, 1952, pp. 15-17 
Reviewed by Ivan M. Viest 

This paper, based on work done in Russia, 
claims that shop welding of reinforcement 
improves the quality of the final product 
and decreases its cost. The welded 
forcement is divided into two groups: 


rein- 


(1) reinforcement which has to be supported 
from the forms, 


(2) reinforcement which is capable of sup- 
porting forms and the dead weight of concrete 
and steel. 





Title No. 50-35 


Coming of Age’ 


By HENRY L. KENNEDY t 


SYNOPSIS 


Retiring ACI President Kennedy reviews the year’s activities and new 
fields of endeavor for the Institute are introduced. It is emphasized that 
through an extension of ACI’s services and contributions to the industry, the 
Institute’s future growth and development is assured. 


INTRODUCTION 


‘ b 


It is a rare honor to have the privilege of delivering this ‘‘president’s address’ 
at this Golden Anniversary Convention of the American Concrete Institute. 

There is an extremely bright future ahead for the American Concrete 
Institute, particularly when we consider its tremendous accomplishments of 
the past, even with a comparatively small membership. I like to think of 
these accomplishments in terms of the American Concrete Institute’s 
“coming of age.” 

If the proposed plans for extending ACI’s services and contributions are 
carried out successfully, the Institute’s future growth and development is 
assured. 

The purpose of the American Concrete Institute is described in its charter, 
to wit: 

“The objects of the said corporation shall be to organize the efforts of its members 

for a nonprofit public service in gathering, correlating, and disseminating information 

for the improvement of the design, construction, manufacture, use, and maintenance 

of concrete products and structures.” 

This is its purpose. How well has ACI carried out its stated purpose? 
Just what has it achieved, and is it enough? 

Until now, the chief product of ACI effort has been its publications, and 
through these ACI has successfully carried out its avowed purpose. I find 
that the JouRNAL is considered, both here and abroad, as the outstanding 
publication for disseminating the most up-to-date information on concrete 
technology. But, this was true when our membership was far less. Today, 
we have a membership approaching 6500, and it seems to me the contributions 
by the American Concrete Institute should be more nearly commensurate 
with the size of its membership. In other words, today or tomorrow, we 
~ *Presented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-35 is a part 
of copyrighted JouRNAL oF THE AMERICAN Concrete Institute, V. 25, No. 8, Apr. 1954, Proceedings V. 50. 
winitm mat ae 

+Member American Concrete Institute, Manager, Cement Division, Dewey and Almy Chemical Co., Cambridge, 
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must increase ACI’s contributions in proportion to our present membership; 
and in the future, we must still further increase our contributions as our 
membership continues to grow. We cannot stand still. 

A far-reaching move has already been made in this direction. At the 
Houston regional meeting last fall, the Board of Direction voted to add a 
technical director to the staff of the American Concrete Institute. He will 
be of great assistance to the staff at headquarters but principally he will 
spend a great deal of his time traveling to various points of the country, 
organizing local meetings at the grass roots level, bringing ACI to many 
localities in the country. I have felt for several years the need for such a 
technical director; hence, I think this action by the Board is most 
constructive. 

I might sum up this introduction by saying that in the past we had to 
get out a JouRNAL because it was all we had. But, there is a wise old saying: 
“If people did not do more than they had to, life would come to a standstill 
tomorrow.”’ ACI is not coming to a standstill; it is going to grow, both in 
membership and in value to the concrete industry. 


ACI HERE AND ABROAD 


Now for a few detailed observations. When I took office as president of 
the American Concrete Institute, I had a number of ideas in mind, in addition 
to the usual duties such as presiding over the two meetings per year of the 
Board of Direction and possibly one of the Executive Committee, being 
ex-officio member of the Technical Activities Committee, and signing checks. 

First, I wanted to make a special trip to the workshop of ACI headquarters 
and spend a full day or more just getting acquainted with the personnel and 
seeing exactly how business is carried on, and to make any suggestions and 
recommendations which I felt would better the efficiency and working con- 
ditions. Also, I wanted to get a good picture of the mode of operation at 
headquarters. 

As far as I am concerned, the visit has been of tremendous help to me 
throughout the year. I know that it has helped Bill Maples and me to work 
closer together than would have been possible if I had not made such a visit. 
I recommend that any future president do likewise and profit similarly. 
In fact, it might be desirable to make such a presidential visit an established 
rule. 

I also felt it desirable to visit with some of our European members—and 
there are hundreds—to see how ACI was considered by them, to see if we 
should not get more technical contributions from them, and possibly co- 
ordinate a little more closely the contributions from research, both in our 
country and abroad. I visited France, Switzerland, Italy, Germany, Denmark, 
Sweden, Norway, and England. I visited the cement and concrete research 
laboratories in all of these countries and many of the universities, also, the 
various cement and concrete associations. I also visited many projects in 
the field. 
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I had 18 conferences in Europe and met personally more than 100 professional 
engineers and members of the American Concrete Institute. It was indeed 
gratifying to learn of the high esteem in which ACI is held in Europe. I 
think we could do a lot more toward closer cooperation, and I am preparing 
a report with this in mind for consideration by the Board of Direction. 


I might mention just a few brief highlights of my findings in some of the 
countries. 

In the Scandanavian countries the concrete engineers and technologists 
are far advanced in concrete research and practice. In West Germany, the 
engineers have been quick to appreciate the advantages of air entrainment 
and plastic concrete. Indeed, I understood from Professor Walz of the 
highway department that specifications have been rewritten for concrete 
highways on the basis of 2-in. slump and 4—6 percent air. This is quite a 
departure from the Autobahn practice, where “minus zero’”’ slump concrete 
was used and hammered into place. I believe that the departure from this 
Autobahn practice is a completely constructive one. 

Incidentally, I was deeply impressed in West Germany by the wonderful 
recovery due to the determination and efficient operation of their industrialists. 
Walking along the streets of Frankfurt, for example, I would never have sus- 
pected that this city was one of the most heavily bombed in World War II. 

I might mention one or two other points. In Italy there is a wonderful 
research program, and preparation for even greater research for mass con- 
crete structures, but there is a woeful lack of control and attention paid to 
what is called “contractor’s concrete.’ I urged, during my several confer- 
ences, the introduction and encouragement of ready-mixed concrete as the 
best means of obtaining good controlled concrete. As a matter of fact, this 
is true for much of the continent, where ready-mixed concrete is the exception 
rather than the rule. 


Incidentally, you may have read about the 2000-year old concrete which 
was donated to the president of ACI by Doctor-Director-General Luigi 
Greco. The fact that tests are being run on this concrete fired the imagination 
of a publicity character nearby, who dropped into the lab. As a result, this 
story, carrying the name of the American Concrete Institute, has been pub- 
lished in hundreds of newspapers and magazines throughout the country, 
resulting in a lot of publicity for ACI. 


In Switzerland and France, they are involved in active and excellent 
research on mass construction for dams, which are being built for the develop- 
ment of power in the French and Swiss Alps. In England I visited all of the 
laboratories and had a wonderful reception. 


EXPANDING SERVICES 


In connection with the purpose set forth in our charter—‘correlating and 
disseminating information for the improvement of the construction 
—the Board of Direction has felt an increasing need to cooperate with the 
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architect who, after all, writes the specifications and supervises the con- 
struction even though an engineer may have done the design work. We 
are making progress, and hope we will be able to run a series of articles in 
the AJA Bulletin. Such articles could be taken from our “Inspection Manual’’ 
or our Committee 613 standard practice on mix design and could be set 
up by the new technical director with a minimum of effort, and would con- 
stitute one more contribution by ACI. Incidentally, these articles should 
arouse enough interest to lead many architects to become members of ACI 
to profit from all our publications and activities. This can be followed by 
similar cooperation with contractors’ organizations. 


Regional meetings 

Now, I should like to discuss the relatively new concept of regional meetings. 
It is a part of ACI’s latest contributions to its membership and the lay user 
of concrete. The success of the regional meetings has been phenomenal; 
each one seems better than the one before. We are reaching into sections of 
the country where annual meetings seemed improbable, and we are learning 
that some of these improbable spots are not so improbable after all. 


I remember when, as a member of the Board of Direction for a number of 
years past, I could always get a laugh by proposing Boston as the city for the 
next annual convention. Boston was called “the end of the line’ and 
“operation backwoods.” But we held a regional meeting there in 1951 and 
produced over 300 paid registrations. This paved the way for an annual 
ACI convention in Boston last February, and that convention had the highest 
paid registration in the history of the Institute. Previously Denver had a 
higher nonpaid registration. Of course, in those days, charging a registration 
fee was generally held to be unthinkable. 

I think the most recent regional meeting at Houston was another out- 
standing example. Here again, there was the question as to the number of 
men who would attend a regional meeting in Texas. Houston had been 
discussed for a number of years, but always passed over for some other more 
ideally central location. Yet at this, their first meeting, there was a paid 
registration of over 350. Because of the success of this regional meeting, 
there will undoubtedly be an annual convention held in Texas, probably in 
Dallas; and I am willing to bet it will be one of the best. 


Indeed, the regional meetings of today are quite comparable to the annual 
conventions of yesterday. By bringing ACI to more people and to more 
diversified areas, we shall continue to grow and become an increasingly pre- 
dominant factor in the concrete world. 


Because of the success of these regional meetings, I have felt that it might 
be possible to have smaller local meetings, probably one-night stands, in 
many of the smaller cities of about 100,000 population, drawing from a com- 
paratively small area. As a starter, the New England annual convention 
committee for 1953 is organizing such a meeting in the Springfield-Hartford 
area. Your president is organizing one at Norfolk, Va.; one at Cedar Rapids, - 
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Iowa; and one at Phoenix, Ariz. Many others can be organized—looking 
forward to an average attendance of between 100 and 150 ACI members and 
potential members at each one. Organizing these meetings will be one of the 
functions of the new technical director. 

I know that evening meetings can be successful, because of the widespread 
interest I have observed in short courses in concrete. For example, last month 
I gave a talk at the opening of a short course on concrete at the University 
of Miami. The sponsors of the course thought that there might be 100 
present and then grew optimistic to the extent of predicting 150. The audi- 
torium held 350; when the auditorium was filled, those who were turned 
away were told there would be a repetition of the course later in the year. 
Please bear in mind that many of these engineers, architects, concrete products 
men, and contractors had in some instances driven more than 100 miles to 
attend this meeting. 

Miami is one of those places where local ACI meetings would go over well, 
and there are many other cities with the same interest. 


ACI chapters 

As the number of these local group meetings increases, I can envision the 
eventual formation of ACI chapters. Such chapters would be relatively 
independent and would organize their own meetings, with some assistance, 
of course, from headquarters staff. The result would be a tremendous growth 
for the Institute. 

Let us not forget the possibility of extending ACI activities to our neighbors 
to the south. It seems entirely probable that a chapter could be organized 
in Mexico City. The interest is there, as attested by Federico Barona’s 
membership on the Board of Direction. Next month I am going to speak at 
the Central University of Venezuela in Caracas, where incidentally there 
are already approximately 100 ACI members. With some stimulus, this 
group might well expand to the proportions of a Venezuelan chapter of ACI. 
The potential is there, because we know of a large number of engineers who 
should be members. At least this makes interesting speculation. 

We must bring ACI to the many individual members who cannot come to 
our annual conventions, either because they cannot afford the travel expense 
or for some other equally valid reason. These members never have a chance 
to participate in the off-the-cuff discussions of Committee 115, Research, 
or in the many impromptu informal discussions which always develop at our 
meetings. 

We have in the past fulfilled our obligations to our membership and the 
concrete industry with which our efforts have been integrated. This is proved 
by our tremendous growth over the past ten years. But we must continue 
to keep pace with our ever increasing membership. 


ACI headquarters 
And one of these days, I envision the American Concrete Institute owning 
its own home, probably located in some small city of 100,000 or 150,000, 
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but readily accessible. I have favored this for a number of years. Indeed, 
several years ago, I suggested the possibility to the Board of Direction and 
even drew preliminary plans for a modest architectural concrete building 
to house our requirements for many years to come. I was a little premature, 
as it turned out; the plan was defeated. I feel that some day the need and 
desirability of a home of our own will be recognized. 


In conclusion, I am happy to report that due entirely to (1) our present- 
day normal rate of growth, (2) the efficient administration of William Maples, 
’ Ethel Wilson, Robert Wilde, and other members of the headquarters staff, 
(3) the wonderful work of the TAC and other hard-working ACI committees, 
and -(4) the judicious guidance by your Board of Direction, the Institute 
today is at its highest membership level ever (6423). We are in sound financial 
health, with the highest surplus in the history of the Institute. 


» 
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A 50th Anniversary Feature 


Economic Trends Affecting Concrete Construction 


By NORMAN P. MASONT 


SYNOPSIS 
Five basic factors to be appraised in determining the concrete industry’s 
1954 activity are reviewed. These include governmental actions, financing, 
industry public relations, competition, and development and research. Each 
of these basic factors will affect the working out of the basic economic laws 
during the coming year. The construction market for 1954 is viewed 
optimistically. 


As the business economy of our nation matures it tends to develop many 
worthwhile practices which contribute to the common good. Not the least 
of these advances is the recognition by the business community of a need for 
a better understanding of the economic forces which are present in the 
economy in which business works. The successful business executive, the able 
political leader, and the informed scientific student all help to make their 
work more effective and more sure of success by studying and appraising the 
various forces which are affecting the eeonomic laws which govern the course 
of their industry. 

A practical worthwhile organization like ACI does not dwell in an “ivory 
tower.”’ The various factors which are at work affecting demand, style, and 
the volume of the use of concrete must be understood in your work as you 
study your industry and develop products for new and more satisfactory 
uses. Perhaps I may help you in your thinking on these matters if I review 
some of them for you from the viewpoint of a man outside your industry. 

There are probably five basic factors which you must appraise in deter- 
mining what the activity in your industry is likely to be during 1954. I do 
not believe that any one of them is less important or more important than 
the others, but I feel that all are a package which must be appraised together. 
Each of these basic factors will affect the working out of the basic economic 
laws during the coming year. 


GOVERNMENTAL ACTION 


Let me first discuss governmental actions. These would include many 
things: establishment of a climate favorable to concrete construction, general 


*Presented at the ACI 50th annual convention, Denver, Colo., February 23, 1954. Title No. 50-36 is a part 
of copyrighted JouRNAL OF THE AMERICAN ConcRETE INstiTUTE, V. 25, No. 8, Apr. 1954, Proceedings V. 50. 
Separate prints are available at 35 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Aug. 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 

+Chairman, Construction and Civic Development Department Committee, Chamber of Commerce of the 
United States, North Chelmsford, Mass. 
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fiscal policy of government, spending pattern of government, and levying of 
taxes by the government. 

There is a basic misconception in the thoughts of some people that a fiscal 
policy, that the creation of a climate favorable or unfavorable to construction, 
and the matter of setting up a spending program, are the result of the whim 
of government leaders. Undoubtedly some politicians have attempted to 
carry on government on this basis, but they have never done it successfully. 
Their actions, just as those of the businessman, must be related to the norma] 
economic laws, and violation of these laws inevitably brings about disaster, 


Let’s look at the specific actions that we may expect from government. 
Perhaps the most important of these is the sound fiscal policy which seems 
to be one of the basic principles of our present administration. This sound 
fiscal policy is not in any way related to the old method of blind adherence 
to a hard money policy. Our economy today is too involved for such a policy 
to work smoothly. Our present policy is to see to it that our markets have 
the funds they need to operate on a steady basis. When seasonal demands 
are apparent, funds are pumped into the economy to provide for these needs 
and when they are no longer needed for normal operations they are siphoned 
from the economy so there will not be inflationary dangers. 


This policy has been followed quite skillfully for about a year now and I 
believe that it has been so successful that it will be continued during the com- 
ing year. I do want to caution you, however, that no one has yet been able 
to prove that a stable economy can be maintained solely through any sort of 
fiscal policy. Certainly the present policy, however, is a stabilizing factor 
on the economy of our nation during the coming year. 

Perhaps a more specific factor is the one that will result from the reduction 
of taxes on personal incomes, which will have a tendency to increase the in- 
comes of many of our American citizens. These citizens are all potential 
home owners; about 46 percent of them do not now own their homes. Per- 
haps such a factor will call for more action by ACI in studying parts of 
housing, such as a more satisfactory and less costly method of slab foundation 
construction. There is certainly much to be learned on this score and a real 
need can be served. 


Government interest in construction 

Government interest in a climate favorable to construction is being 
repeatedly evidenced by actions of President Eisenhower. I refer to such things 
as calling together last fall an informed group of citizens representing every 
walk of life and asking them to recommend to him a housing policy which 
would provide better housing for all our people with less dependance upon 
the federal government. I refer to interest by the Secretary of Commerce 
in finding ways that his department can be helpful to the construction industry 
in supplying it with basic information and helping it in its relationships 
with other government agencies; and I refer to the President’s Council of 
Economic Advisors under the leadership of Dr. Arthur Burns. Dr. Burns 
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recognizes the importance of all sorts of construction to the economy of the 
whole country and is attempting to find out if there are bottlenecks which 
need to be eliminated. 

It appears to me probable that so far as actions by government go we have 
a favorable climate for the general construction picture this year. 


FINANCING 


The second factor is the availability of financing. Without readily available 
funds we do not have an active construction market. Perhaps it would be 
well to review the general fields of construction and see whether or not funds 
are likely to be available. 


While many forecasts for industrial construction are lower than last year’s 
performance, I do not think these forecasts are predicated on any shortage 
of funds for industrial construction. In industry, management has a rather 
ready access to the necessary funds if it can prove that it needs them to 
lower costs. It seems to me that we have been going through a period in 
industrial production where productive ability was more important than low 
cost, but this condition has now changed and low costs are imperative if a 
concern is to continue to operate profitably. 


Many firms are still operating an antique plant with too many floors and 
too much loss of time through traffic congestion and the like. In New England 
we are finding that ample light, ample parking facilities, and plants all on 
one floor without a field of posts supporting a second floor are all necessary 
for low cost production. I believe there will be ample funds available for 
industrial concerns. 


Turning to commercial construction, I find here that the large lenders of 
capital are eager to supply this market. It will be a large one in the coming 
year but there is every indication now that the large insurance companies 
and other large reservoirs of capital have ample funds for this work. This 
along with industrial construction provides an excellent field for the use of 
advanced techniques in concrete. It might be interesting to you to know 
that along with the plans which are being discussed by government as a 
means of combating any decline in the construction industry’s volume, is 
the possibility of setting up a new sort of insured loan for commercial building 
not unlike the insured loans now made under the Federal Housing Adminis- 
tration on housing. 


Another field is for schools and similar institutional buildings. Generally 
the financing for this sort of work comes from bond issues voted by munici- 
palities. There is always apprehension on the part of municipal officials 
that such bond issues may be refused by the voters, but the record thus far 
this year has been excellent. 


Another field is highway construction. With the need so apparent, it seems 
probable that in this one field the availability of financing may be a con- 
trolling factor. There are many contrary forces at play in the highway 
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field with the drive on one hand to return as much of the responsibility as 
possible to the states and communities, and the pressure on the other for the 
maintenance of our present pattern of an integrated highway system made 
possible by the guidance of the Bureau of Public Roads. My féeling is that 
with the rapid growth in the number of cars and trucks, public pressure will ~ 
be such that ways will be found for financing a larger program of highway 
building than we had last year. Concrete has a real place in this program. 

The next division of building for which financing is necessary is housing, 
and here certainly financing is largely the key to whether we will have a good 
sized market or not. The decline in housing started during 1953 was largely 
a result of a shortage of mortgage funds in one part of the field. It was caused 
by the reluctance of large lenders to finance mass builders and get in return 
for their funds a lower rate of interest than the lenders could get in other 
fields. This situation has now righted itself and there are now adequate 
funds for the housing market. 

Beyond this the President’s Housing Advisory Committee has suggested 
modifications in FHA and VA regulations which will tend to increase the 
demand for housing without making the rate of return to the lender such that 
he will withdraw from the market. It appears that here at least there is another 
factor which indicates a good market for the newest techniques in concrete 
construction. 


INDUSTRY PUBLIC RELATIONS 


A third factor which is a basic one is the desire of the public for the product 
you have to sell. This is the desire created in a community for new schools. 
It’s the desire for better highways created by businessmen’s trucks being 
unable to perform a good day’s work because of highway congestion and our 
citizens being stalled for long periods as they drive home from work. It is 
the desire created by such things as home shows, where hundreds of thousands 
of Americans walk through modern demonstration houses and want for 
themselves this new and better housing. It is the desire of the businessman 
for facilities for a store, a restaurant, a filling station, a movie theatre, and the 
like with which to serve the new areas of population. It is the desire of the 
professional man for office facilities where he too may be central to the new 
concentrations of housing. These desires are present for almost every sort 
of construction. 

How much the concrete industry benefits from this desire depends to some 
extent upon the public relations of the industry. It’s not enough now to have 
the best product, one has to let the public know that you have it. People 
are no longer surely hunting out ‘“‘the best mouse trap makers.’’ People need 
to know what a great industry like the concrete industry is doing to make 
the things it wants safer, better, and less expensive. 

Highway construction is a fair example. In some of the more northern 
areas where calcium chloride and salt are used for snow removal and where 
concrete highways were built before the development of air entrainment to 
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prevent scaling, substitutes for concrete roads are taking the business. The 
need is there and the desire is there, but public relations have to be good too, 
if the product is to serve the market. 


COMPETITION 


The fourth item related to our economic laws is competition. In our 
American economy someone else is always trying to take your market from 
you. How aggressive the sales policy of your industry is, how~good your 
research is—these are the essential factors in meeting competing products. 
There was a time not so long ago when steel was in short supply and builders 
turned to concrete to replace it. Today the trend has changed. Steel is no 
longer in short supply. The public is able to make a choice. It will base that 
choice upon such factors as style, cost, durability, and appearance. ACI 
has real value to the industry in helping it meet competition. 


RESEARCH AND DEVELOPMENT 


The fifth factor which will next year affect the volume of business that this 
industry is to serve might be headed with the word “research’’ or the de- 
velopment of new methods and better results from your product. I think 
most important of all to the economic welfare of your industry is this matter 
of what significant new developments your industry has originated. These 
are the things which will hold markets and create new markets. Develop- 
ment and research are an important part of every industry. Your work in 
the American Concrete Institute to disseminate information is certainly a 
worthwhile one. Your work as an industry to develop precast concrete 
decking and joists, prestressed concrete, methods of getting better color in 
your product, tilt-up construction methods, lift-slab construction, and your 
valuable work with air-entrained concrete all show that you have a real 
appreciation of the value of this sort of work. 

Development of new products and research into needs for them are the 
life blood for your industry. There is never an end to the need for this sort 
of work. There is always the search which must go on for lower cost methods 
of developing better products. 

In speaking of research I always think of the Building Research Advisory 
Board Institute in the National Academy of Sciences at Washington, which 
group it has been my privilege to be associated with. The Building Research 
Advisory Board is working to coordinate research in the whole field of con- 
struction. It is a work backed and paid for by industry and I commend it 
to you for your support. Just as you in the concrete industry work together 
so must you and all of us in the broader field of construction work together 
and BRAB gives us the cohesive force. 


LOOKING TO 1954 


There have been many forecasts of what the construction market will be 
in the coming year. Those of us who work in this field and review the various 
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factors which affect it are generally optimistic. Based upon the general econ- 
omy being somewhat less than last year’s volume with a possible drop of not 
over 7 or 8 percent, we in the construction industry expect that our industry 
will closely approximate the $34,720,000,000 goal achieved in 1953, which was 
the largest year that construction has ever enjoyed. 

Current predictions are that total new construction this year will be about 
$34 billion with two-thirds of this being private construction and one-third 
public. A small drop is expected in housing from the $11,715,000,000 of 
1953 perhaps to $11,225,000,000 in 1954. While new housing construction 
is down, it is expected that alterations and repairs will increase; while in- 
dustrial construction may be down, commercial construction will increase; 
and while farm construction will be down, public utility construction will 
increase. 

In the public construction field it is felt that highway construction and the 
construction of sewer and water facilities will increase and also that the 
public construction of educational institutions will be larger this year than 
last. Most other public construction will be down. 

If I were in the concrete industry as I review such predictions, I would 
feel that the need for ACI’s facilities might grow this coming year and that a 
successful industry such as this would want more and more to back the 
worthwhile work of the Institute. 


I am predicting a busy year for the concrete industry. This means a busy 
year for the American Concrete Institute in its exceedingly important job 
of helping the industry keep abreast of new developments, and seeing to it 
that the promises of new achievements grow into accomplishments. 


Certainly there is nothing finished nor static about the concrete industry. 
Its possibilities for growth are tremendous. 

Government will provide the climate that you need, both tax-wise and 
through other encouragement to stimulate construction. Financing is now 
readily available in all lines and there is every indication that it will continue 
to be so. The desire of the public for highways, schools, stores, office space, 
and motels is largely unsatisfied. The public wants more and more of them. 
It is your constant never ending job to get your industry public relations in 
the best light. 

Competitive products will keep you on your toes. Concrete will need to 
work hard to hold some of its markets but meeting this competitive market 
will serve to strengthen your industry. And finally there is development and 
research. The fact that this industry has an American Concrete Institute 
proves that you realize the necessity of such work. The results you have 
achieved show the value of your work. 











A 50th Anniversary Feature 


Notable Concrete Structures 


Old and New 


“The final test of progressive knowledge in the field of construction is the structure” 


In commemoration of the 50th anniversary of the American Concrete Institute, the 
ACI JOURNAL presents the third of a series illustrating concrete structures 
around the world 


Courtesy Deutscher Beton-Verein E. V. (Wiesbaden) 


Three early concrete railroad bridges built of rammed concrete, 1904-1906, over the Iller River 

at Kempten, Germany. Each bridge consists of four arches 8 m wide and 21 to 45 m spans; 

vertical height is 32m. The bridge behind is a double bridge with only a 10-cm space between 

the two bridges; both bridges stand on the same foundation. Designed by Bavarian State 
Railway Administration and built by Dyckerhoff & Widmann KG 
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Courtesy Preload Construction Corp. 


Modern prestressed concrete bridge over the spillway of Garrison Dam in North Dakota has 
32 spans of 48 ft. Now under construction for the U. S. Army Corps of Engineers, the contractor 
is Garrison Dam Constructors; engineer is Preload Engineers, Inc. 
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NOTAELE CONCRETE STRUCTURES 


All-purpose arena, Municipal Colli- 
seum, Sawer, C Colo., built 1949- 
1950, utilized monolithically placed 
concrete frame and arch shell, pre- 
cast walls, and combined precast 
and cast-in-place bleachers. Arrchi- 
tect-engineer—Roberts & Schaefer 
Co.; associated architects — A. 
Gordon Lorimer, Roland L. Linder. 
sapiceaellires pas & Walberg 
°. 


Courtesy Roberts & Schaefer Co. 


Two octagonal shell domes rise 
above the Groszmarkthalle (whole- 
sale market hall) in Leipzig, 
Germany, built 1927-1929. The 
shell domes are 9 cm thick and each 
spans 76 x 76 m; clear hall area is 
76 x 157 m._ Architect—H. Ritter. 
Engineer — Rusch. Contractor — 
Dyckerhoff & Widmann KG 


Courtesy Deutscher Beton-Verein E. V. 
(Wiesbaden) 


Empire Pool Sports Arena, Wembley, 
England, was constructed with 237- 
ft span three-hinged arches in rein- 
forced concrete. Their shape was 
governed by the counter-balance of 
external fins and internal gallery 
cantilever. Base of each arch was 
splayed out laterally to form contin- 
uous solid bearing edge 6 in. wide. 
Architect and engineer—Sir Owen 
Williams 

Courtesy Cement and Concrete Assn. 
(London) 


Garage at Lagergarden, Lyngbyvej, 
Denmark, built in 1942, features 
arches with fixed ends with a span 
of 23 m, founded partly on concrete 
piles. Total length of building is 
60 m. Built for North Zealand 
Electricity and Tramway Co., Ltd. 
Engineering design—A. J. Moe. 
Contractor — a & Schultz 


Courtesy Hojgaard & Schultz A/S 
(Copenhagen) 
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. 


Selection of Construction Materials* 


By J. F. JELLEYt 


SYNOPSIS 


Responsibility of the engineer in the selection of the most economical, the 
most efficient, and the most suitable material of construction is reviewed. 
Keener competition between various construction materials will provide the 
concrete industry with the incentive to develop new techniques, as well as to 
insure the quality of concrete. 


One of the most important responsibilities of the engineer is the selection 
of the most economical, the most efficient, and the most suitable material 
of construction. The public official, whose actions are subject to review and 
criticism by the public, has a more difficult problem than the businessman. 
Not only must he make the selection of material, but he must be prepared 
to justify his selection to those who are interested in competitive materials. 
This problem should be of special interest to members of the American Con- 
crete Institute because concrete is in competition with a great many different 
materials of construction produced by many different industries. To mention 
just a few—steel, wood, aluminum, structural plastics, clay tile, gypsum, 
asphalt, and creosoted timber. 


THE ENGINEER'S BASIC RESPONSIBILITY 


The Ohio Turnpike controversy over the use of concrete or asphalt paving 
resulted in a far-reaching decision of the State Supreme Court of Ohio. This 
controversy was of great interest to engineers all over the nation. The brief 
submitted by the Ohio Society of Professional Engineers’ stated: ‘The 
professional engineer is vitally interested in and concerned with the outcome 
of this litigation because on all public works projects in Ohio it is his pro- 
fessional opinion and recommendation on points of engineering design and 
specifications upon which administrative officials make their final decisions. 
By custom, usage, and necessity these professional opinions are relied upon 
by administrative agencies of the various political subdivisions of the state.” 
This feeling is shared by all engineers whether or not they are employed by 
a political body. 
~ *Presented at the ACI 50th annual convention, Denver, Colo., February 23, 1954. Title No. 50-37 is a part 
of copyrighted JoURNAL OF THE AMERICAN ConcrETE INSTITUTE, V. 25, No. 8, Apr. 1954, Proceedings V. 
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In making its decision, the supreme court stated that it was within the 
right and duty of the Turnpike Commission to exercise its discretion to 
determine the plans, specifications, and materials. “The only restraint upon 
the exercise of discretion by the commission is that which the law imposes 
upon all administrative bodies, viz., that it act in good faith and not in abuse 
of its discretion.” 

These words are reassuring to the engineer who is a public official, but it 
does not relieve him from the necessity of justifying his actions to various 
review agencies and to the public. 


The Ohio supreme court further ruled that the commission “is not bound 
to adopt a type of construction and to use a particular material merely 
because such construction would be less expensive than some other type of 
construction. Cost alone is not controlling. The commission would be 
remiss in its duties if it adopted a cheaper type of construction notwith- 
standing its judgment that a more expensive type would be worth its cost 
and would better serve the intended purpose.” Here the key words are 
“worth its cost”’ and “would better serve the intended purpose.’’ The public 
official must be prepared to justify such a selection by facts and figures and 
not by personal opinion. 

Finally the court held: ““No bad faith having been shown, the court cannot 
substitute its judgment for that of the commission. This would be true 
even though the commission may have erred in judgment. Error of judgment 
does not invalidate discretion, exercised in good faith.”’ 


In its decision the court has recognized the basic responsibility of the 
engineer to utilize his technical skills and professional judgment to select 
the proper material of construction. The fact that a court decision was 
necessary is evidence of the importance of the problem of selection of material 
to all engineers. 


FACTORS IN SELECTING CONSTRUCTION MATERIALS 


The selection of the proper material of construction is complex. It requires 
experience and skill to investigate various designs utilizing different materials 
or combinations of materials to determine which is best for a particular set 
of conditions. Usually there are many factors to be considered. 


It is almost axiomatic that the first cost is not the only factor to be con- 
sidered. The total cost over the life of the facility must be determined. 
This requires that the cost of maintenance, upkeep, and any operational 
cost be taken into account. For a structure with a long life, maintenance 
expenditures over its life may amount to more than the initial cost. Collection 
of cost data on maintenance and upkeep of structures is important, yet few 
people gather such costs in usable form and often this data is not made avail- 
able to design engineers. Concrete is often sold on the basis of low upkeep 
and long life. An adequate record of costs will be needed to prove that the 
upkeep of concrete buildings is in fact lower than other buildings. In many 
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cases, deficiencies and the necessary measures of repair are apparent. 
Potential users of concrete can easily see large cracks in concrete roads or 
they can observe concrete buildings which have undergone extensive structural 
repairs, where reinforcing steel too close to the surface caused spalling. Only 
by adequate cost data can it be proved that concrete will save money over 
the life of the facility. 

Another important factor that the potential user would consider is the 
dependability or certainty of obtaining a good product. He has learned to 
rely upon steel because it is a material produced under carefully controlled 
conditions. The adequacy of strength is assured by standard test procedures 
and the product over the years has generally lived up to the expectations of 
the purchaser. In concrete, on the other hand, factors affecting quality and ade- 
quacy are not as readily controllable, and the product is more sensitive to failures 
traceable to the human element. A carefully designed concrete mix may 
be seriously weakened by improper mixing or a well executed mix may be 
ruined by poor placing. Such deficiencies may jeopardize adequacy and will 
result in high maintenance expenditures. These factors pose problems 
which need serious consideration by producers and users of concrete. 


What can you do to assist the engineer or public official who is responsible 
for the selection of materials of construction? In your designs you should 
be sure, if you design a competitive structure in concrete, that no material 
is wasted in the framing—through either excessive strength or inefficiency of 
arrangement. A competing design must be fairly comparable in appearance, 
equivalent in strength, life expectancy, and adequacy. No one will pay more 
for a product that is better than necessary. I am sure that you recognize 
the fact that concrete must be sold on its merits. As engineers, you should 
do what you can in your own particular field to record and make available 
accurate initial costs and upkeep costs. 


INDUSTRY EFFORTS 


I think the most important thing you can do is to lend your weight to 
efforts to make concrete more dependable and reliable. Concrete which is 
mixed and placed in the field is at a disadvantage in competition with manu- 
factured products. The mixing, placing, and curing of concrete must be 
better controlled. The government or a large consumer can select concrete 
and usually get what they specify because they can employ inspectors to 
oversee every detail of construction. Many users of concrete, both in public 
and private works, must trust the designer and contractor to give him what 
he has purchased. 


I have been greatly impressed by the organization and operation of the 
Concrete Industry Board in the City of New York. This board came into 
existence two years ago as the mutual expression of united self-interest on 
the part of leaders in all segments of the industry to insure the high quality 
of reinforced concrete construction in New York and the New York area. 
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The basic objectives of the Concrete Industry Board are simple—to improve 
the quality of reinforced concrete construction in the City of New York— 
to recommend designs, materials, testing procedure, and construction practices 
which will insure reinforced concrete of the highest quality. 

The board has attempted to create an atmosphere of willing self-improve- 
ment of contractors, plant operators, testing laboratories, and others whose 
livelihood is dependent upon the success of the concrete industry. Its members 
have declared that “our industry thrives when we meet the test of perfection.’ 
The program of the board includes a series of discussions and talks by eminent 
authorities on concrete construction. They will point the way for adoption 
of policies to prevent concrete failures, recommend rules of good practice, 
and encourage new or improved methods of construction. Action will also 
be taken to stimulate higher standards of ready-mixed concrete control, 
testing, laboratory procedures, and on-site inspection. 


I think that the program of the Concrete Industry Board points the way 
to all those who are interested in concrete and who want to insure its quality. 
It is not necessary to organize formally as was done in New York City—but 
engineers, contractors, ready-mixed concrete companies, sand and gravel 
and cement producers, interested unions, and others can do a great deal by 
improving their part of the process. Not until we can be sure that every 
cubic yard is properly mixed, placed, and cured, can we obtain the fullest 
benefit from the research now taking place and the improved designs being 
developed. 


In the postwar period, the building industry has made noteworthy progress. 
Both the quality of materials and their methods of utilization have been 
improved. New techniques have been developed to increase the range and 
efficiency of applications. In the field of concrete, the techniques of precast- 
ing and prestressing have created new fabrication tools whose tremendous 
potentials are yet to be realized. These tools, powerful as they are, will 
remain unused unless they can be put to a profitable use. A good share of 
the needed incentive will come from the tighter market of competing materials. 
Proper selection of.materials will be essential. Such a condition is just begin- 
ning to be felt and that keener competition between various construction 
materials is to be expected. 


Members of the American Concrete Institute should be prepared to meet 
the challenge of its competitors with other materials of construction. I feel 
that this competition is a guarantee that the quality and more advantageous 
uses of concrete will continue to grow. The concrete industry cannot 
afford to stand still or it will find itself outstripped by other industries 
producing competing construction materials. 
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A 50th Anniversary Feature 


Concrete in Reclamation Construction’ 


By W. A. DEXHEIMERT 


SYNOPSIS 


As the Bureau of Reclamation’s principal construction material, concrete 
of good quality is of more than academic concern to the USBR. The use of 
concrete by the Bureau is reviewed. Inspection practices and specifications 
are covered briefly, and some of the Bureau’s work in concrete research is 
described. 


This golden anniversary of the American Concrete Institute comes only 
two years after the Bureau of Reclamation arrived at the same marker in 
its history. Back in 1904, when Richard L. Humphrey was leading the 
cement users of the United States into a new formal organization, the Recla- 
mation Service had just been authorized to begin construction of its first 
masonry dam, Roosevelt on the Salt River in Arizona. 


Thus, ACI and USBR are of the same generation. Each was born of a 
need at the beginning of this century—ACI to develop and exchange knowl- 
edge in the field of concrete, the Bureau to plan and build works to put water 
on dry western lands. We long ago realized that we have many common 
interests and problems, and sharing them together, as close friends should, 
is to our mutual benefit. Now we are in our mature years, looking back on 
successes and ahead to new challenges. 


We have made impressive progress since those formative years. ACI 
from a modest beginning has grown into a technical society of over 6000 
members. This growth attests to its standing and to its fulfillment of the 
need that brought it into being. ACI has become a principal fount of knowledge 
for those concerned with the technology of concrete. Largely through con- 
crete construction, the Bureau of Reclamation has brought firm irrigation 
to about 7,000,000 acres of western land. Our interest in concrete has grown 
as the size of our structures increased. I have a personal interest in concrete 
that stems from the years I spent on the construction of Hoover, Bartlett, 
and Shasta Dams and on tunnels, canals, and power plants. 


Although we have come a long way since 1904, I am convinced we still 
have a long way to go. For every bit of knowledge we possess today about 
the use and behavior of concrete there’s at least as much more to learn. Fore- 


*Presented at the ACI 50th annual convention, Denver, Colo., February 23, 1954. Title No. 50-38 is a part 
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casting is risky business and I’ll be on safer ground if I confine my talk to what 
the Bureau has done and is doing with concrete. 


CONCRETE FOR RECLAMATION WORK 


As the Bureau of Reclamation’s principal construction material, concrete 
of good quality is of more than academic concern to us. We have used about 
60,000,000 barrels of cement. We placed, on the average, more than 2,000,000 
cu yd of concrete for each of the last 20 years. 

Most of the Bureau’s yardage is in structures of unusually large dimensions. 
The speed with which these have been erected, magnified the problems peculiar 
to such work and gave rise—with the able help of the cement industry—to 
the development of special cements which have been employed in the concrete 
of a number of our large dams. Revelations of the composition of portland 
cement, and of the contribution of its constituents to strength and heat of 
hydration, permitted realistic control of temperature rise and troublesome 
volume changes in mass concrete. Better understanding of the behavior of 
concrete in massive structures and greater confidence in test results have 
made possible the use.of smaller sections and less cement in recent dams 
constructed by the Bureau. 


Although the Bureau is most noted for its major concrete dams, it also 
builds hundreds of smaller structures of reinforced concrete. These vary 
in size and complexity from a farm turnout to a hydroelectric power house 
or a highway bridge. The search for greater safety and economy in the 
design of these structures keeps us vitally interested in technical progress 
and developments through which these goals may be achieved. Information 
in your ACI JourNat helps us to modify our design and construction tech- 
niques for increased safety and economy, and our research organization has 
contributed a fair share in these publications for the use of others. 

In the 17 states and Alaska where we work, climatic, soil, and aggregate 
problems affect concrete construction. In the North, there are many cycles 
of freezing and thawing. In the South, desert conditions, dry atmosphere, 
and high temperatures usually prevail. Western soils frequently are high 
in sulfates. The aggregates available often contain constituents reactive to 
the alkalies in cement. These cause disruptive expansion of concrete. 

Our research, therefore, has emphasized the development of techniques to 
meet these problems. Our work has been coordinated with such organizations 
as the Portland Cement Assn., state highway departments, the Corps of 
Engineers, and others. The destructive effects of wetting and drying, and of 
freezing and thawing, are subjects of continuous and rewarding study. 

One of our greatest problems, that of making concrete more resistant to 
sulfates, encountered either in soil or water, has been largely met through 
development of sulfate-resisting cements. 

Prospective aggregates are examined by experienced petrographers as a 
routine matter to detect reactive constituents. When such constituents are 
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found in concrete aggregates, prudence dictates the use of either low-alkali 
cement or a pozzolanic additive known to be effective in reducing expansion 
due to the chemical reaction. 

Our criteria require the best of our skills and unremitting attention to 
design methods and construction controls. Virtually all of our hydraulic 
structures are exposed to weather; many are in constant or intermittent 
contact with flowing water, sometimes under great head. Their successful 
operation depends on resistance of the concrete to destructive forces. Our 
designs and specifications are necessarily rigid, to meet the requirements of 
durability, serviceability, safety, and economy. At the same time the Bureau 
of Reclamation will take advantage of new methods, materials, and controls 
to reduce the cost of our work. 


INSPECTION PRACTICES 


The Bureau of Reclamation believes in constructing by contract, entered 
into threugh competitive bidding. We thereby gain the benefits of the 
private enterprise and initiative of the contracting industry. I know there 
is variation in experience and competency among contractors. Under our 
competitive bidding system, it is obvious that we must have rather detailed 
and insistent inspection to assure first-class work. I believe that inspection 
actually saves money for the government. 

Workmen and foremen understandably seek maximum production and 
progress rather than maximum care and quality. Julius Frontinius, water 
commissioner for the city of Rome in ancient times, enumerated certain 
practices essential to good serviceability of structures, then said these ‘“‘need 
to be done exactly according to the rules of the art, which all the workmen 
know, but few observe.”” Human nature hasn’t changed much in 2000 years. 
Frontinius, if he could know our practices today, would approve providing 
an inspection staff cloaked with authority to secure results “according to 
the rules of the art.’”” When the rules are followed, we know the concrete is 


good. 


With assistance of the Associated General Contractors and others, we 
continually improve our concrete contract requirements. This results in better 
understanding of problems, and improvement in working relationships. 
The Bureau has a continuing program to modify its specifications, keeping 
abreast of new trends and encouraging use of new construction techniques 
and equipment. 

Dimensional tolerances and surface finish requirements for concrete and 
form work are now definitely specified. They are no longer dependent on 
the individual opinion of the field inspector. Concrete tolerances are tabu- 
lated in the specifications for various features, such as concrete canal lining, 
canal structures, dams, and power plants, and for placement of reinforcing 
steel. Concrete surface finishes are now divided into classes of formed and 
unformed surfaces according to the quality or appearance required and the 
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function performed by the surface. Provisions for batching, mixing, and plac- 
ing concrete are standard to as great an extent as possible. 

The USBR Concrete Manual, kept up to date by repeated revisions, goes 
into further detail than the specifications as to our purposes in concrete 
construction requirements. It has become a guide for people all over the 
world. 


CONCRETE RESEARCH 


Our well-equipped laboratories have helped to develop new techniques 
and basic concepts in the art of concrete construction. It is appropriate 
for these laboratories to be here in Denver and for them to spring from 
humble beginnings. John Y. Jewett, who was described as a “cement expert”’ 
when he was appointed to work in Denver in June, 1905, would undoubtedly 
be overwhelmed if he were alive today to see the evolution of his assignment. 


The more practical and relevant date in our history is 1930. In that year, 
the modest concrete and cement investigations expanded into genuine 
laboratories. The emphasis remained on concrete, however, for the labora- 
tories were established to find answers to the problems imposed by the design 
and placement of mass concrete for Hoover Dam. 

The size of Hoover and its accelerated construction program demanded 
measures to cope with the high internal temperatures and attendant volume 
changes that would occur in the mass. Little factual data were to be found 
in textbooks or in the notebooks of experience concerning mass concrete. 
The Bureau of Reclamation was impelled by necessity to fill this void in 
engineering knowledge. Information on the heat of hydration of cement, 
thermal properties of concrete, its strength, permeability, and volume change ' 
was supplied through researches then undertaken. Special cements for mass 
concrete and advances in design and construction procedures were developments 
of these studies. 

Special problems concerning concrete did not, of course, end with Hoover. 
More unusual ones followed in the designing of Grand Coulee, Shasta, Friant, 
and Hungry Horse Dams, the All-American Canal, and other works. Our 
engineers devised trial-load methods for analyzing stresses in concrete arch 
and gravity dams, which permitted great savings through selection of more 
economical dam sections. In a continuing effort to improve economy while 
retaining structural adequacy, dependability, and safety, they established 
new criteria for determining temperature effects, earthquake loads, uplift 
forces, ice pressures, foundation deformations, and stability factors. 


Through study of the problems it came to be clearly understood that 
laboratories are essential to a large and progressive engineering organization 
such as ours. They are considered a tool of modern engineering enterprise, 
valuable not only in design and construction, but also in planning, operating, 
and maintaining structures. 


The information obtained on cement and concrete has saved many times 
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its cost. It has resulted in better and longer lasting structures and in contri- 
butions to engineering knowledge in which all peoples participate. 

Specifically, through laboratory studies made on the selection, use, and 
control of concrete materials, the Bureau has obtained concrete of the re- 
quired quality having at least one-tenth of a barrel less of cement per cubic 
yard. This alone represents substantial savings when applied to the large 
yardages of concrete the Bureau places annually. 

Concrete reinforcement is one subject that has received our special attention. 
We investigated the merits of various types of reinforcement, the effect of 
rust on bars, the proper spacing at splices, and methods of welding reinforc- 
ing steel. We have found it possible to omit reinforcing steel from the linings 
of our concrete canals except in a few special locations. Hundreds of miles 
of unreinforced linings have now been constructed on Bureau projects at 
great savings. We studied the distribution of stress in concrete beams for 
comparison with ultimate load design theories. Our equipment is unexcelled 
for determining the shear strength of concrete under various conditions of 
restraint. 

The Bureau has installed more than 1200 miles of precast concrete pipe 
to date, and to improve design our engineers have investigated different 
types of joints and studied stresses in the concrete and reinforcement under 
various conditions of loading. We have designed and installed precast con- 
crete pipe of the cylinder type for operation under hydrostatic heads as high 
as 650 ft. We pioneered in developing cast-in-place large-diameter steel- 
lined concrete pipe subjected to hydrostatic heads as high as 250 ft. 

Our interest in technical progress has also led us into the field of prestressed 
concrete. We now have under construction, just below Monticello Dam in 
California, a 450-ft highway bridge in which the main beams, four to a span, 
will be prestressed before their placement on the piers and casting of the 
reinforced concrete deck. Instruments will be embedded in the structure 
to measure stress and strain in the steel and concrete, particularly for deter- 
mining the effect of creep. These observations, together with deflections and 
length changes observed under various conditions of loading, may lead to a 
more realistic approach to design and economy in future structures. 

Not to neglect appearance, we endeavor to achieve a simplified and eco- 
nomical style of architecture which exhibits the solidity and durability of 
concrete and which will not become obsolete or outmoded in appearance 
and function. 

Use of sulfate-resisting cement, which has been developed through research, 
minimizes costly repairs and defers replacement of concrete which deteriorates 
under the attack of alkaline soils or water. It is safe to say that the con- 
quering of the alkali-aggregate reaction problem now saves millions of dollars 
every year. The same is true as a result of our work leading to use of air- 
entraining agents for improved workability and durability of concrete. 


Our laboratories, working with the field engineers in control of concrete 
construction, have justified their existence by many other savings—in 
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materials, construction, and maintenance costs—from which all projects of 
the present and future will benefit. I know that they will continue to con- 
tribute to further advancement of the knowledge of concrete. 

As in the past, we will go on participating in the committee work, meetings, 
and publications of the engineering societies—ACI, ASTM, ASCE, and 
others. Through such associations we give others the advantage of our 
experience and take advantage of theirs. The Bureau has kept and will 
continue to keep an open mind for opportunities to better its practice. We 
shall continue to cooperate with industry in the trial and development of 
new materials, new methods, and new equipment. 

Although we have made outstanding advances in concrete technology 
during recent years there are still many opportunities remaining for improve- 
ment. Objectionable cracks still appear in our structures. There are a few 
unexplained instances of rapid deterioration. The resistance of concrete to 
abrasion, chemical attack, and frost action might be improved. Frequently 
false or premature set hampers placing operations. Our construction methods 
might be improved to reduce cost and improve quality. We must design 
more exactly, appraise margins of safety more accurately, and improve 
qualities of control. 

All these things represent a challenge to the American Concrete Institute. 
I assure you that the Bureau of Reclamation, which has put more than 
50,000,000 cu yd of concrete into building well over $2 billion worth of water 
conservation works, will not lag in its efforts to meet the problems. What- 
ever success we have in our own experiments, you will learn immediately 
through the pages of your ACI JourNnat and through the technical com- 
mittees and meetings such as this. Our own forces eagerly await learning 
in the same ways of the successes of others. 

I congratulate the Institute on its position as the leading medium by which 
the world exchanges information on concrete. I want to express the obvious 
—to say that the work of the ACI is warmly supported by the Bureau of 
Reclamation. 
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Courtesy Ford, Bacon & Davis, Inc. 


Three-story flat slab reinforced concrete factory ak Yo for Shulton, Inc., Clifton, N. J., built 
in 1946, is notable for its application of architectural refinement to heavy industrial construction. 


Engineer—Ford, Bacon & Davis, Inc. Consulting architect—Wyeth, King & Johnson. Contractor 
Walter Kidde Constructors, Inc. 


The stately symmetry of the ancient 
columns and sculptured richness was 
faithfully reproduced in concrete in 
the replica of the Athenian Parthe- 
non in Nashville, Tenn. The ability 
of concrete to express the wealth of 
sculptured detail in the pediment 
and frieze is evident. rnamen- 
tation was by John J. Earley in the 
early 1920's 


Courtesy Portland Cement Assn. 
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Gleaming white tower of the 
Cathedral of the Holy Spirit, 
Bismarck, N. D., stands etched 
against the Dakota sky. Built of 
reinforced concrete in 1941, over- 
all dimensions are 161 ft long, 94 
ft wide, and 57 ft high. The tower 
is 163 ft high and separated from 
the main structure to simplify footing 
design. The bas-relief figures domi- 
nating the east facade were cast 
in place using plaster waste mold 
forms. The roof is of precast slab 
construction. Architect — W. F. 
Kurke. Contractor—James Guthrie 


a Sen a 


site: 


Courtesy; Portland Cement Assn. 
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NOTABLE CONCRETE STRUCTURES 


Curved in plan and modulated 
radially, Bom Sucesso Market, 
Oporto, Portugal, built 1951 -1959, 
is outstanding for the nave main 
frames. These are unsymmetrical 
frames spanning 30 m and provided 
halfway up with two 4-m cantilever 
arms carrying the top floor slabs. 
Architectural design and direction of 
work—Organizacoes ARS; archi- 
tects—Cunha Leao, Morais Soares, 
Fortunato Cabral; structural design— 
Coimbra de Sousa. Contractor— 
Joaquim Ferreira oo ese State 
supervision—Town Plannin ae rt- 
ment, Ministry of Public 


Courtesy Laboratorio Nacional de pans, 
Civil (Lisbon) 





Contemporary architecture in Pam- 
pulha, Brazil. Oscar Niemeyer’s 
Church of St. Francis of Assisi (view 
shows the rear wall) features a nave 
that is a single large concrete shell. 
At the east end the building spreads 
into four lesser transept shells. The 
bell tower stands free, linked to the 
front of the building by a sloping 
plane of concrete on slender metal 
supports, which acts as an entrance 
canopy. Associated with Niemeyer 
in this work was the engineer 
Joachim Cardozo 


Courtesy Cement and Concrete Assn. 
(London) 


Saw-tooth ttern, louvres, and 
“brises-soleil’’ of the classroom block 
of Victoria College, Maadi, Cairo, 
Egypt, give maximum sun protection. 
Constructed with cast-in-place con- 
crete framing, infilling walls are 
generally cavity concrete brickwork, 
and fixed brises-soleil are combined 
precast and cast-in-place concrete 
construction. Architect—John W. 
Poltock. General contractor — 
Braithwaite & Co., Ltd. Reinforced 
concrete engineers—Indented Bar 
and Concrete Engineering Co., Ltd. 


Courtesy Cement and Concrete Assn. 
(London) 


Application of reinforced concrete 
frame is illustrated by Wilkes-Barre 
Veterans Administration Hospital, 
Wilkes-Barre, Pa., built 1948-1950. 
Exterior masonry walls are built of 
cinder block and face brick. Con- 
crete floor slabs utilized slag block 
fillers to reduce slab weight and 
aid in sound insulation. Designed 
by Kelly & Gruzen. Contractor— 
Merritt-Chapman & Scott Corp. 
Courtesy Merritt-Chapman & Scott Corp. 


Continued on p. 655 
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A 50th Anniversary Feature 


Use of Concrete by the Corps of Engineers* 


By S. D. STURGIS, JR.t 
SYNOPSIS 


The Corps of Engineers’ construction program is so extensive and varied 
that a summary of the Corps’ use of concrete provides a fair cross section of 
the position of concrete in the heavy construction industry. The civil and 
military works program is reviewed. As part of its design and specification 
work the Corps has done considerable development work on concrete and 
these studies are enumerated briefly. 


As an engineer I am honored to appear before the Golden Anniversary 
Convention of the American Concrete Institute. This Institute’s background 
embraces half a century of research, design, production, and use of a material 
which, though dating from ancient times, has almost revolutionized con- 
struction procedures in our own day. 


I shall not attempt to discuss new techniques, but rather I think you would 
be more interested to hear about what the Corps of Engineers is doing, as it 
affects concrete. The Corps of Engineers is placing a lot of concrete, both 
at home and abroad, and is likely to continue to do so as far as we can see 
into the future. Much of it is still going into great public works projects 
here in the United States, but much more is going into the expansion and 
improvement of military facilities in support of national defense, both here 
and overseas. 

The aftermath of World War II left us in a predicament unlike any other 
in the history of humanity. There is neither war nor peace. Atomic weapons 
have raised the stakes and the risks of war almost beyond comprehension. 
Aircraft that travel well above the speed of sound and strides being made in 
long range guided missiles have given these frightful weapons an immediacy 
that bars description. 


Our preparedness measures must enable us to act—not on two years’ notice 
as in World War II—but literally on a few months’ or even few days’ notice. 
We are staking upon them nothing less than our survival as a nation and 
millions of our lives. 

Thus, in this strange twilight of half-war and half-peace, it is inevitable 
that civil and military needs and actions have become so intermixed within 
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our economy and our society that at times it is difficult to distinguish 
between them. 

The Corps of Engineers is a good reflection of this situation. As an organi- 
zation, it carries two enormous construction loads—one military and the 
other civil. 


CORPS OF ENGINEERS’ CONSTRUCTION PROGRAM 


Today we are carrying on a civil works program totaling about $525,000,000 
this fiscal year. But we are also accomplishing a military construction 
program, world-wide in scope, and more than three times greater in dollar 
value. 

We have deployed and are maintaining engineer troops from Korea to 
Western Germany, for the Army engineers have to be fighters, as well as 
builders, and engineering support for infantry, armor, and artillery is another 
of our several missions. In Korea after heavy construction during the day, 
it was quite common that we fought as infantry at night. We always have 
and we always will. 

In its civil functions the Corps carries on a major share of the federal 
government’s water resources development work. Moreover, this same civil 
functions program provides a trained and mobilized organization of experienced 
and highly professional officers and civilians available on short notice to 
undertake sudden expansion of military construction, or for deployment to 
direct military works of any kind, anywhere on the globe. 


It was the existence of this civil works organization and its relationships 
with the contractors and private engineer firms, employed on domestic rivers 
and harbors work, that enabled the Corps to fulfill its mission in World War 
II. It made possible the engineering miracles in the Arctic and North Africa 
which played a major role in enabling our air power to support the Army in 
Korea and, even more important, to avoid World War III by the threat of 
our air borne nuclear weapons attack. 


In two short Arctic work years, we built a major air base and a modern 
city at Thule, Greenland, a short distance from the North Pole, and stretched 
a radar warning screen across the inaccessible roof of this continent to permit 
effective air defense of this country and Canada. On the North African desert 
we built air bases that permitted the operation of long-range bombers within 
84 days after construction started. 

Waldo G. Bowman, editor, Engineering News-Record, stated, in an article 
last August, following a personal inspection on the site, that: ““When the 
complex of five air bases now under development in French Morocco is com- 
pleted it will be one of the best and most efficient such setups anywhere in 
the world, including the United States......As a construction achievement, 
the Moroccan work will rate with the best we have been able to do in a foreign 
country, both as to procedures and facilities...... i. 


These Moroccan air bases had to be built by the Corps under threat of war 
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on a 90-day emergency deadline, regardless of the facts that there were no 
engineering data on the terrain and no firm sites were available or even 
selected when we began work, and shortly thereafter four out of the five sites 
were relocated at French insistence many miles out in the barren desert. 
There were no plans or specifications and there was no realistic understanding 
with the French about the working arrangements. Speed was the prime 
consideration; cost, like always under threat of imminent war, was the minor 
concern. Suffice it to say here that the only bases available to Western 
civilization in 1951-1952 and reasonably secure, when the peace of the world 
hung in the balance, were the great bomber bases in North Africa built for 
the Air Force by the Army Corps of Engineers. 


American military policy has always been based on rapid mobilization, 
rather than on large standing forces. All phases of rapid mobilization depend 
upon construction—not completed in a year, or in a matter of months—but 
planned and executed in advance as far as possible to be ready when and 
where needed. Wherever troops and military weapons are stationed or go, 
there must be barracks, hospitals, warehouses, roads, bridges, airfields, and 
supply bases. They need facilities all along the supply line that link them 
with the resources at home. 

In terms of money, the Corps’ present military construction program 
totals over $414 billion. It stretches from the Near East in Asia, across 
North Africa and the Atlantic to Iceland and arctic Greenland. It embraces 
parts of Labrador and Newfoundland, the United States, and reaches on to 
Alaska and the far Pacific. It calls for almost every conceivable type of 
structure; is tested by a tremendous range of conditions, physical, social, 
and meteorological; and often involves unique methods of management, 
design, and construction to accomplish. The end is not necessarily in sight 
as the program must ever keep in advance of shifting threats from any quarter 
of the world and abreast of our country’s strategy. 

Furthermore, collateral activities include procurement of engineer equip- 
ment and construction supplies for the military supply needs of a “‘peacetime”’ 
army of 1,500,000 men, purchases for which during 1953 fiscal year alone 
aggregated $430,000,000. Also, the Corps of Engineers operates one of the 
world’s largest real estate programs. It has engaged in one way or another 
in transactions involving 65,500,000 acres, located in 13,000 separate installa- 
tions, in which the United States government has an investment of some $25 
billion. This fiscal year it is engaged in acquiring 20,600 tracts worth an es- 
timated $140,000,000. It operates a real property management program in- 
volving 27,000 outleases to private concerns and individuals from which the 
government is enjoying a return estimated at about $13,000,000 per annum. — 


ROLE OF CONCRETE IN MILITARY CONSTRUCTION 


As you well know, concrete plays a vital part in our ability to provide the 
bases, structures, and facilities of this $25 billion investment. Concrete has 
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been a major factor in enabling us to push into inhospitable corners of the 
earth where potential aggregates in the form of sand, gravel, or rock were 
practically the only available resource. 

The whole field of airfield runway construction has changed since World 
War II, with major implications to strategic air defense, a major challenge 
to engineering planning and construction, and major import to the con- 
crete industry. 

In World War II we were able to move engineer aviation battalions into 
the theaters of war and quickly build airfields to carry strategic bombing 
and fighter support into the heart of the enemy’s territory. But the advance 
of recent aircraft development has made that concept of air strategy as old 
fashioned and ineffective today as the mule-team scfaper is in the atomic 
age. Today’s strategic bombers are infinitely heavier, faster, and longer- 
ranged, and are steadily growing even more so. For fighter aircraft, tire 
pressures have increased 300 percent over World War II types. Modern 
military aircraft require the best and most durable runway construction 
modern technology and materials can make possible. Therefore, strategical 
air bases have to be planned and built in advance of war, as a vital part of 
our national preparedness and first line of defense. 


Thus, the new trends in warfare are reshaping the “peacetime” look of 
military construction, with new and difficult problems arising. The blast 
from one rocket has been known to spall off % in. of the concrete from which 
it took off. The increasing use of jet-propelled aircraft has created difficult 
problems in the design of airfield pavement. We are currently seeking 
answers to this problem at our pavement laboratories. At present, about 
44 percent of our pavement, in terms of square yards, is rigid (concrete). 

In providing these bases we have to build structures to house men and 
warehouse supplies and equipment in regions where crystalline snow is driven 
by winds strong enough to flatten an oil tank, and in other places where hot 
wind-driven sand rasps against our structures like a giant file. It has been 
necessary to solve these problems and do this work in the shortest possible 
time and at the lowest possible cost, for the need to economize is a basic 
element of this program. 


Increasing usage of concrete 

In doing this we have found concrete to be of great value. So-called 
“temporary” barracks which have traditionally been built of lumber, are 
today often built of concrete or concrete block. A new military building 
that will cover about a fourth as much area as the Pentagon, is being con- 
- structed of concrete panels. At Goose Bay, Labrador, we are completing 
half a million square feet of warehousing by the tilt-up method, at a reduction 
in cost of at least one-third under originally planned standard construction. 
We are trying out various types of precast structural elements, and have 
used these successfully in Europe and Tripoli. 


Incidently, we still need considerable additional construction of housing 
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units for military families and quarters for bachelor officers and troops, both 
at home and abroad. Until we have adequate housing and quarters, we are 
going to face serious problems in lower morale, decreasing re-enlistments, 
and impaired efficiency. This is one of the most serious problems confronting 
the armed forces as they prepare for the long pull. : 

Finally, with respect to the military construction program and its impact 
upon your industry, I can say that we must not only build but rebuild. Air 
installations particularly have a high rate of obsolescence because of the 
swiftness with which aircraft, armament, and strategic concepts change. 
Many of them are counted on for no more than ten years of service, and 
must often be modified in less time. So, unless there is a drastic change in 
the present status of world affairs it appears that, with repairs, alterations, 
and reconstruction, our work on large military installations may be a long- 
term proposition. 


CIVIL WORKS PROGRAM 


If we are to keep our nation strong and our people prosperous, we must 
keep the economy dynamic and expanding. To this end, the adequate 
development of our water resources is of paramount importance, and the 
civil works functions of the Corps of Engineers plays a major role in this under- 
taking. These functions, embracing surveys, planning, construction, and 
operations, in one way or another are spread over the 48 states, District of 
Columbia, Alaska, and Hawaii. 

The civil works construction program involves a wide variety of activities 
and structures. They range from single-purpose navigation locks and low 
dams, to construction of large multiple-purpose structures such as the con- 
crete McNary Dam on the Columbia River, and the large earth dams on the 
Missouri with their concrete spillways, intake and outlet works, and power- 
houses, which themselves involve as much concrete as the ordinary high 
gravity dam. Just as a partial indication of the importance of concrete in 
this program, I may mention that more than 25,000,000 cu yd of air-entrained 
concrete have been placed by the Corps in major civil works structures since 
1944. 


Time does not permit me to describe the actual projects now under way. 
Though many of the works involve unique engineering and construction 
problems, I must confine myself to discussion of certain policies and trends 
which affect this program and which, I believe, will indirectly affect the 
interests of your organization. 

In the field of water resources development the United States government 
stands between two forces—the need for development and the need for govern- 
mental economy. The resolution of this problem has necessarily resulted 
in the postponement of some worthwhile projects. 


For some years past, annual appropriations have been decreasing and the 
civil works program is proceeding at reduced speed. The 1955 fiscal year 
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appropriations request, if granted, would project a program totaling some 
$475,000,000, including unexpended balances left over from previous appro- 
priations. The dollar tag, however, does not tell the whole story. In terms 
of the actual work the dollar bought, we were making much better progress in 
1934, when a $300,000,000 appropriation was the equivalent of well over 
$800,000,000 at today’s prices. 

For some years we have been concerned that the geographical base of the 
civil works program was growing smaller. The previous Bureau of the 
Budget policy of not starting any new work was rapidly limiting appropriations 
and construction to completion of a number of going multi-purpose projects 
in only a few areas of the country. We felt there should be a reasonably 
uniform geographic distribution of the program, commensurate with the 
urgency of water resources problems in various areas. Accordingly, we 
recommended that consideration be given to enlarging the base by initiation 
of a number of badly needed smaller projects. The Bureau of the Budget 
went along with this sound principle and the 1955 budget contains requests 
for 20 new starts on relatively smaller projects. These new projects will 
include many elements involving the use of concrete; they should give new 
impetus to civil works construction. I hope this constructive action will 
be continued in subsequent years, so that federal civil works can proceed 
on a relatively uniform and efficient schedule which recognizes the need for 
a budgetary floor as well as a ceiling for conduct of this work. 


Another important factor which may exert a strong influence in water 
resource development is a reconsideration of the federal and nonfederal 
interests in this program. The President has recently pointed out that this 
work should be on a partnership basis with appropriate sharing of cost between 
the federal government and the nonfederal interests which benefit from the 
work. I believe this principle is entirely sound. Its application in requiring 
a greater degree of local financial participation in civil works might in some 
cases slow down or defer these improvements. On the other hand, if states 
and local agencies are willing to participate more heavily than in the past 
this might offer the possibility of greater accomplishment, even with reduced 
federal appropriations. I hope this will be the result of this basically sound 
change in policy, and that water resources development can proceed on a 
broad front and on a better federal-local relationship than has ever existed 
before. 


Watershed improvement programs 


Another factor of definite importance in federal water resource develop- 
ment is the growing interest in and concern with watershed improvement 
programs which involve measures and practices for soil conservation and 
improvement of productivity, and small dams and other structures said 
erroneously to be for “flood prevention.” I have often stated, and repeat, 
that the Corps of Engineers is thoroughly in accord with the need for federal 
participation in soil conservation. We have, however, been alarmed by 
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irresponsible claims that such measures and systems of small earth dams 
are a panacea for the nation’s flood troubles, and can be substituted for the 
engineering works which both sound engineering and experience have shown 
to be necessary to adequately protect major river valleys and their principal 
tributaries against major floods. These claims are not made by responsible 
officials of the Department of Agriculture, but their repetition on a national 
scale by proponents and by the press has given them a certain amount of 
public acceptance. It is also claimed that such works should have a priority 
claim to benefits for justification and to federal participation in the form of 
appropriations. ‘This approach, if carried to its logical conclusion, could 
mean that it would not be economically feasible to provide urban areas and 
downstream river valleys with adequate protection from major disaster-type 
floods. 

There is need and ample justification for federal assistance in soil conser- 
vation and watershed protection, and such programs might well include 
small dams needed to stabilize stream channe!s and to aid in establishment 
of conservation measures on the land, and for increasing the productiveness 
of lands in small valleys below them. These measures should be provided, 
however, with full public understanding of their limited flood control value 
within each basin as a whole; and in proper proportion in a coordinated plan 
of development so as not to penalize one part of a river basin at the expense 
of another. This is an area where sound public policy is badly needed to 
ascertain where soil conservation leaves off and flood control begins and to 
apply uniform criteria economically, engineeringly and financially, to the 
authorization by Congress and construction of all flood control structures 
small, intermediate, or large. 

What I have said of our organization and programs should leave no doubt 
as to our common interest in concrete as a structural material. While we 
have necessarily relied more and more on concrete in our construction 
activities, we have, as you know, not neglected other materials when these 
best serve our purpose of getting the best structure for a particular purpose 
at lowest cost to the taxpayer. In fact, we have pioneered in the use of earth 
as a structural material and some of the earth dams built or under construction 
are the largest of their kind in the world. 


CONCRETE RESEARCH 


What may be called “‘pure” concrete research is not one of the Corps of 
Engineers’ primary functions; we rely largely on the initiative of industry 
and the driving power of competition to focus attention upon and evaluate 
developments we can use. We have, nevertheless, done a considerable 
amount of studying with the aim of establishing criteria and testing 
performance on our jobs. 


Although engineer officers were publishing important technical documents 
on concrete as early as 1870, it was not until 1939 that we set up our first 
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major concrete investigation program aimed at attacking fundamental 
problems common to many projects. The Waterways Experiment Station, 
established at Vicksburg, Miss., in 1929, was expanded by the inclusion of 
a concrete laboratory in 1946. This laboratory, among other facilities, 
maintains two concrete exposure stations, one at Treat Island, Me., and the 
other at St. Augustine, Fla., where specimens are subjected to alternate 
wetting and drying, and freezing and thawing. On the basis of these open- 
air tests, we have been able to set up controlled laboratory tests. The Vicks- 
burg station also has a modern concrete batching and mixing plant used for 
testing mixes and placement processes. 


Practical benefits of research 


We have been studying air entrainment since 1939, with the result that 
our testing and specification work is now standardized and the public has 
been saved millions of dollars. We have also done a great deal of rather 
specialized work on aggregates with the view of establishing criteria which 
will help us.make the most economical use of locally available materials in 
any area of the world. Among other things, we have tested samples from 
more than 2000 sources representing every section of the United States, so 
that we may specify our aggregate sources with full knowledge of both the 
technical and the economic implications. Our studies on the mechanical 
properties of aggregates have enabled us to reduce our average cement factors 
for interior mass concrete from the 3- to 4-bag per cu yd factor which pre- 
vailed before 1948, to something like 24 bags per cu yd today—and again, 
the public has been saved millions of dollars. 


Our studies are not confined to materials; we also seek improvements in 
procedures and plant. We are testing new methods of evaluating structures 
and locating flaws, and a wide range of equipment, including forms, linings, 
form anchors, vibrators, buckets, and electronic indicating and recording 
devices for batching plants. 


As a result of these studies, we have been able to give the American people 
better structures at lower cost, which is always our ultimate objective in 
construction. We can measure the value of our studies in dollars. During 
the years 1946 through 1948, the average unit bid price for concrete for our 
gravity dams was approximately $11.75 per cu yd. Today, despite increased 
costs of labor, higher prices of materials, and bigger and more complex struc- 
tures with more rigid specifications—factors which might well have doubled 
our concrete costs—we find instead that the unit bid price for gravity dams 
has decreased to about $8.25 per cu yd, a decrease of 30 percent. 


To meet the ever increasing requirements of our air base job, we have 
three laboratories at which we spend about a million dollars a year for testing 
runway surfaces alone—and needless to say, we test other materials besides 
concrete. We have a Rigid Pavement Laboratory near Cincinnati, Ohio, 
a Flexible Pavement Laboratory at Vicksburg, Miss., and an Arctic Con- 
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struction and Frost Effects Laboratory at Boston, Mass. Here we seek 
answers to our present runway problems. 

Concrete is also being tested in actual construction. The variety of 
methods we are trying indicates that we are looking, with open minds, for any 
type of construction that will give us superior performance at lower cost. 
The concrete and construction industries have been active and progressive 
in this field, and we of the Corps do all we can to take advantage of every 
new improvement you make available to us, and to take full cognizance of 
the ever-increasing skill and know-how of our contractors. In recent years, 
for example, we have liberalized our allowances as to the types of forms 
permitted and the heights of the lifts in making concrete dams. 

Like most construction agencies and enterprises, we are keeping in close 
touch with new developments. For example, we believe in time prestressed 
concrete will play an important role in construction. But so far, we do not 
believe that enough contractors have had sufficient experience with pre- 
stressing to provide us with truly competitive bidding at prices which would 
justify us in writing specifications for prestressed concrete. 

Our work abroad also keeps us in touch with the many developments now 
arising from the tremendous construction programs under way all over 
Europe. In Italy we have seen interesting uses of concrete-and-pumice- 
stone blocks; in North Africa, of precast structural shapes; in Germany and 
Holland, tilt-up and a porous type of cement made with crushed rubble from 
the bombing ruins; and in France, Austria, Switzerland, and Africa, new 
types of dam design. Over there, especially, builders are experimenting with 
prestressed concrete. 


CONCLUSION 


Such developments will help our nation meet the construction needs of 
the future. They will assure the American people of getting the utmost 
value from any construction program they may launch in years to come. 

Our country’s population is growing at a rate which may well see it double 
by the turn of the century. At the same time, our level of living keeps rising, 
so that each person consumes more products of all kinds. To provide food, 
fiber, and fabricated goods for tomorrow’s extra millions, and to maintain our 
military strength, will require power and water, minerals and fuel, land and 
transportation, and all the other basic resources and facilities, in quantities 
far greater than we are now capable of producing. The only solution is to 
keep on expanding our productive plant and our resource-development 
efforts, federal, local, and private alike. We must grow to survive, and we 
must build to grow. 


So at home and abroad, the construction program of your Army’s Corps of 
Engineers probably will continue big for many years to come, always calling 
for the highest degree of engineering skill and the highest performance from 
building materials. When and as we are able to level off our expenditures 
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for military construction, we will be able to devote even greater efforts to 
the development of water-related resources here in our own country. The 
President himself has assured us that “The federal government will continue 
to construct and operate economically sound flood control, power, irrigation, 
and water supply projects wherever these projects are beyond the capacity 
of local initiative, public or private.”’ 


The Corps of Engineers, while going forward with the military tasks 
required for our national security, under the arduous and difficult conditions 
of this hydra-headed peace, looks forward to the day when it can again, in 
cooperation with organizations such as yours, devote most of its effort to 
building for the happiness, health, and prosperity of the nation just as it has 
done during the past 125 years of unparalleled national expansion. And 
during this odyssey of construction, concrete has been the prime foundation 
upon which the “hard core” of public works has been and no doubt always 
will be built. 











Notable Concrete Structures — Old and New 


Continued from p. 644 


One of the boldest applications 
of precast concrete combined 
with cast-in-place .construction 
was in the Palazzo Esposizioni 
(Exhibition Palace), Turin, Italy, 
built in 1947. The giant corru- 
gated skylight arch roof over the 
central salon consisted of precast 
trough-shaped_ elements, with 
stiffening fins to keep their shape 
and openings for windows on 
either side. The corrugated 
barrel vault roof was made by 
combining the precast elements 
with ribs cast in place at the 
crown and hollow of each cor- 
rugation. Rising 60 ft above the 
main floor, the arches span 275 
ft between cast-in-place but- 
tresses. The corrugated stressed 
skin roof was canalized onto the 
point support arch ribs at about 
95-ft intervals. Each buttress 
supports three corrugations of the 
arched roof, a lean-to roof, and 
a 41 ft wide mezzanine, which 
cantilevers out over the main 
floor. Designed by Pier Luigi 
Nervi. Built by Nervi & Bartoli 


Courtesy Pier Luigi Nervi (Rome) 


National Broadcasting Co. studios in Holly- 
wood, Callif., built in the late 30's, are an 
example of the beauty and strength possible 
in architectural concrete. The use of this 
medium first gained favor on the West Coast, 
perhaps because of its high resistance to 
earthquakes and also its flexibility and possi- 
bilities for modern functional design. Designed 
and built by The Austin Co. 


Courtesy Portland Cement Assn, 
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Courtesy Concrete Assn. of South Africa (Johannesburg) 
Right: Glass and brick in a concrete frame— 
Promontory Apartments, Chicago, Ill., com- 
pleted in 1950, are typical of the architectural 
design of Mies van der Rohe. Associate 
architects—Pace Associates. Consulting archi- 
tects—Holsman, Holsman, Klekamp & Taylor. 
Structural engineer—Frank J. Kornacker. can, 
eral contractor—Peter Hamlin Construction Co. 


Courtesy Cement and Concrete Assn. (London) 


Left: Modern reinforced concrete skyscraper, 
Cavendish Chambers, Johannesburg, South 
Africa, erected 1951-1953. Architects and 
consulting engineers—Nurcombe, Summerley 
& Lange. Contractor—James Lobban & Sons. 
Reinforced concrete engineers—A. S. Joffe & 


Co. (Pty), Ltd. 
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Courtesy Portland Cement Assn. 


Left: . Brazilian architecture shows a strong 
appreciation of the free and imaginative use 
that may be made of reinforced concrete. 
The Ministry of Education and Health building, 
Rio de Janeiro, is proudly contemporary. The 
north side, which receives direct sunlight, is 
entirely honeycombed with sun shades. A\rchi- 
tects—Lucio Costa, Oscar Niemeyer, Alfonso 
Reidy, Carlos Leao, Jorge Moreira, and 
Hernani Vasconcelos. Consultant — 
Le Corbusier 
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Title No. 50-40 


Basic Design Criteria for Concrete Gravity and 
Arch Dams* . 


By J. J. HAMMONDTt 


SYNOPSIS 


With the accumulation of considerable data on the behavior of concrete 
dams by the Bureau of Reclamation, it was thought current design practices 
might be revised to permit more rational design with attendant economy. 
Accordingly, a Bureau committee analyzed: (1) forces that act on gravity 
and arch dams to promote instability or structural failure, (2) resisting forces 
which promote stability or structural competency, (3) meaning and measure- 
ment of factor of safety, and (4) requisite strengths of materials and foundations 
and methods of measurement. 


Analyses disclosed that gravity and arch dam design may be made more 
rational by the adoption of uniform and consistent procedure, and by full 
utilization of data from analytical procedures, laboratory investigations, and 
measurements of the behavior of structures in service. Design criteria, derived 
from these investigations, for concrete arch and gravity dams are included. 


INTRODUCTION 


It is necessary at times to examine the fundamentals of concrete dam 
design to assure that design practices remain consistent with existing knowl- 
edge and concepts, and to put into practice accumulated knowledge as to 
the behavior of these dams during and after construction. Considerable 
applicable data have been gathered during the last few years, and with the 
large rise in construction cost, it was thought current practices might be 
revised to permit more rational design with attendant economy. With this 
in mind, a committee{ of 11 top members of the Bureau of Reclamation’s 
design and construction force restudied procedures and criteria used in 
designing concrete gravity and arch dams. 


The following considerations were analyzed: (1) forces that act on gravity 
and arch dams to promote instability or structural failure, (2) resisting forces 
which promote stability or structural competency, (3) meaning and measure- 


*Presented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-40 is a part 
of copyrighted JouRNAL oF THE AMERICAN ConcrReETE INstITUTE, V. 25, No. 8, Apr. 1954, Proceedings V. 50. 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not 
later than Aug. 1, 1954. Address 18263 W. MecNichols Rd., Detroit 19, Mich. 

This paper comprises the main parts of a report of a Bureau of Reclamation committee and is primarily for 
use by the Bureau, but should be of interest to other engineers. 

+Member American Concrete Institute, Chief, Dams Branch, Bureau of Reclamation, Denver, Colo. 

tThe Bureau of Reclamation committee consisted of J. J. Hammond, chief, Dams Branch; Roger Rhoades, 
chief geologist; Douglas McHenry, head, Structural Research Section; L. G. Puls, head, Concrete Dams Section; 
A. W. Simonds, head, Special Assignment Section; Robert E. Glover, research engineer; F. D. Kirn, head, Stress 
Analysis Unit; J. M. Raphael, head, Structural Behavior Unit; C. N. Zangar, head, Photoelasticity Unit; F. R. 
Dexter, assistant head, Dams Branch; and Jobn Parmakian, assistant head, Special Assignment Section. Since 
the date of the committee’s report, Roger Rhoades, Douglas McHenry, J. M. Raphael, and C. N. Zangar have 
separated from the Bureau. 
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ment of factor of safety, and (4) requisite strengths of materials and foundations 
and methods of measurement. Although listed separately, these considerations 
interlock inseparably and were studied as interrelated and interdependent 
elements of a single problem. 

These analyses disclose that gravity and arch dam design may be made 
more rational by the adoption of uniform and consistent procedure and by 
full utilization of data from analytical procedures, laboratory investigations, 
and measurements of the behavior of structures in service. Adequate data 
are not available for a wholly rational approach to all phases of design and 
investigations must be continued and intensified to resolve remaining ob- 
scurities and uncertainties. It is regrettable that all work on these investi- 
gations has not continued as contemplated due to the lack of funds. The 
basic design considerations and specific design criteria constitute the standard 
for Bureau of Reclamation design, but should be progressively revised in 
accordance with new findings. 


BASIC DESIGN CONSIDERATIONS 


Design should be in accord with the following three basic considerations. 


Normal and abnormal conditions for gravity dams 

Assurances of safety of gravity dams obviously may be obtained by the 
application of unduly large safety factors while designing for some rigorous 
combination of conditions whose simultaneous occurrence may be highly 


improbable. Safety may be assured in that way, but economy is sacrificed. 

To further economy, design should be for assumed combinations of con- 
ditions having reasonable probability of simultaneous occurrence (‘‘standard’”’ 
loadings) and without excessive factors of safety; to insure safety, the design 
shall then be tested for stability under assumed extreme conditions (‘‘extreme”’ 
loadings) using smaller factors of safety. Standard and extreme load 
combinations are enumerated later. 

Safety factors 

In addition to the general safety factors, explicitly selected additional 
allowances for safety tend to creep into design as a consequence of over- 
conservative treatment of successive uncertainties confronted in the sequential 
design operations. Structures so designed may possess margins of safety in 
excess of the designer’s intent and are uneconomical. 

Safety factors should be considered to incorporate provision for all under- 
lying uncertainties and should be used without additional provision for safety, 
except under conditions involving unusual uncertainty or hazard. When the 
latter conditions exist, additional provision should be made by appropriately 
increasing the explicit safety factor. 


Data for design 
Injection of unprescribed safety factors into design commonly results from 


the use of approximate or conjectural data that involve uncertainty and 
invite overconservative evaluation. 
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Data used in design should be the most specific and accurate available, 
and whenever possible should be based on field or laboratory tests or measure- 
ments of structures in service. When such data are not available the best 
data obtainable by conservative approximation or judgment should be used 
—without further adjustment by reason of uncertainty. Analyses, tests, 
and observations of structures should be intensified in those fields in which 
precise and confirmed data are now lacking. 


FACTORS RELATED TO STABILITY AND INSTABILITY 


Factors creating instability are (1) reservoir and tail-water loads, (2) uplift 
forces, (3) earthquake forces, (4) ice pressures, and (5) silt loads. (Certain 
components of some of these loads may promote stability.) 

These factors vary from structure to structure depending mainly on dimen- 
sions and configuration of the dam, operating conditions, foundation con- 
ditions and treatment, geographical location, climate, and stream regimen. 

Factors creating stability are (1) dead load, (2) shear resistance of the 
dam and foundation, (3) quality and strength of the concrete, (4) strength 
characteristics of foundations and abutment, (5) components of reservoir, 
tail-water and silt loads in some cases, and (6) factors related to the con- 
figuration of the structure and foundation, such as curvature of an arch dam. 

These stabilizing factors also vary from structure to structure, depending 
mainly on dimensions, weight and configuration of the dam, and the strengths 
of the materials comprising the structure and foundation. 

Some of the factors, notably dead load and reservoir water load, can be 
calculated accurately; others, such as earthquake, ice, silt, and uplift loads 
must be predicted on the basis of assumptions possessing various degrees of 
substantiation. Characteristics of the foundation, although fundamental to 
stability, are rarely amenable to precise analysis. 

Some loads contributing to instability are applied continuously or are of 
long duration; others are intermittent and transient. Possibility of all tran- 
sient loads attaining maximum values simultaneously is statistically remote. 

In gravity dams, tension and compression stresses are usually not a con- 
trolling factor in design, but they influence the strength required of the 
concrete. In arch dams, stresses will influence and may control basic design. 
Primary stresses are those caused by water, concrete, silt, ice, and earth- 
quake; secondary stresses, caused by volume changes incident to hydration 
of cement and development and transfer of heat in the dam, are superimposed 
on the primary stresses. Secondary stresses cannot themselves cause failure 
of a dam, but they may modify the ability of the dam to resist applied loads 
and are frequently of great importance in arch dams. Determination of the 
magnitude and distribution of stress should be based to the fullest extent 
possible on observations of actual behavior of structures! in service. 


FORCES INDUCING INSTABILITY 


No criterion is properly applicable under all conditions. Accordingly, 





660 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE April 1954 


each of the following definitions of specific criteria is preceded by a discussion 
of the underlying considerations. These discussions explain the basis for the 
criteria and serve as a guide in appraising the applicability of a criterion 
to any special condition or the appropriateness of any deviation from the 
standard. 


Reservoir and tail-water loads 
These loads are of primary importance. Since they can be computed 


accurately only a brief statement of the basic consideration and criteria will 
be made. 


Water loads tend to promote sliding, shearing, overturning, and crushing 
and also are the source of uplift pressures. Conditions to be considered are 
normal water surface and maximum flood surface with corresponding tail- 
water elevations. The forces should be considered to be applied at and to 
act normal to the contact forces. Water pressure should be computed as 
varying directly with depth. 

Uplift—Basic assumption 

Uplift? is one of the most important loads on gravity dams and is usually 
unpredictable. Proper precautions should be taken in design for measuring 
and controlling uplift, and maintaining drainage. Uplift force occurs as 
internal pressures in the pores, cracks, joints, and seams of the concrete and 
the foundation. Drains are normally extended throughout the dam and 
extend into the foundation to reduce the magnitude and to change the distri- 
bution of uplift pressures. If pressure should rise above a predetermined 
design level, further drainage should be installed to reduce the pressures. 
Laboratory tests suggest that pore pressures probably act over essentially 
100 percent of the concrete area. Because of the low permeability of properly 
designed concrete and the effect of face drains, pore pressures probably do 
not penetrate deeply during the useful life of a dam, except through cracks. 
However, until more data have accumulated from observations of structures 
in service, uplift pressures should be considered to act throughout the dam 
and its foundation. 

It is assumed that uplift pressures are unaffected by earthquake forces 
because of their transitory nature. 

Uplift pressures are usually unimportant in arch dams and any but the 
simplest assumptions lead to considerable difficulty in the trial load method 
of analysis. On that account, the uplift criterion for arch dams has been 
selected from the standpoint of simplicity rather than as a rigorous statement 
of pressure distribution. 

Uplift—Criteria 

For preliminary design of gravity dams, the assumed uplift pressure distri- 
bution should have an intensity at the line of drains that exceeds the tail- 
water pressure by one-third of the differential head between headwater and 
tail-water head, the gradient then extending to headwater and tail water, 
respectively, in straight lines. If there is no tail water, then the downstream 
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Fig. 1—Diagram of uplift pressure lines 


end of a similar pressure diagram would run to zero pressure at the down- 
stream face (Fig. 1). Pressure should be assumed to act over 100 percent 
of the area. 

For final design of gravity dams, pressure distribution should be similar 
to that used in preliminary design, but pressure intensity at the line of drains 
should be based on electric analogy or some other comparable method assum- 
ing that the drains are operative, that the grout curtain does not affect the 
pressure distribution significantly, and that such pressures shall be considered 
to act over 100 percent of the area. 

A continuous record of uplift intensities on concrete dams constructed by 
the Bureau of Reclamation are kept, and this record is observed carefully 
to assure suitable operation of drains. If uplift pressures on a dam record 
an unusual increase, the structure is immediately investigated and mainte- 
nance work on the drains carried out if found necessary. Drains are main- 
. tained the same as any other part of the structure. Protection against in- 
stability of the dam by excessive uplift is assured by checking the design 
for extreme loading conditions. To test for stability of gravity dams under 
the extreme loading condition (see ‘Combinations of loading,” p. 667) with 
drains inoperative, the uplift should be taken as full reservoir pressure at the 








662 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE April 1954 


upstream face varying linearly to tail-water pressure or zero, as the case 
may be, at the downstream face, the pressures acting over 100 percent of the 
area. If the uplift pressure exceeds the vertical normal stress (computed 
without uplift) at the upstream face, then, under such conditions, a horizontal 
crack should be assumed to exist. The crack should be assumed to extend 
from the upstream face into the interior of the dam to the point where the 
vertical normal stress (computed on the basis of linear distribution without 
uplift) is equal to the reservoir pressure at that elevation. Uplift for this 
condition should be taken as full reservoir pressure extending from the up- 
stream face to the end of the crack and from there, varying linearly to tail- 
water pressure or zero, as the case may be, at the downstream face, the pres- 
sure acting over 100 percent of the area. 

For design of arch dams, uplift should not be considered except in cases 
involving tensile stresses of such magnitude as to imply cracking; after crack- 
ing, normal uplift pressures should be used and be considered as varying 
uniformly from reservoir head at the upstream face to tail-water or zero 
head and acting over 100 percent of the area. 

Earthquake—Basic consideration 

Earthquakes’ impart acceleration to the dam and reservoir which may in- 
crease the water and silt pressures on the dam and stresses within the dam. 
Some of the factors affecting these pressures and stresses are not completely 
understood. Accordingly, an allowance is made for the effect of increased 
water and silt pressure due to earthquake, and an additional allowance is 
arbitrarily made to account for the horizontal and vertical forces the earth- 
quake acceleration imparts to the dam. Analysis of resonance effects may be 
required in designing appurtenant structures. 


Experimental and analytical procedures show that an earthquake accele- 
ration or intensity up to approximately 0.3 gravity is only about one-half 
as effective in silt or soil masses as in water. This is due to the internal shear 
resistance offered by the silt. Since the unit weight of water is also approxi- 
mately one-half that of silt (see ‘Silt,’ p. 664), it should suffice to determine 
the increase in silt pressure due to earthquake as if the water extended to the 
base of the dam. This increase in pressure is then added to the static silt 
pressures. 

Earthquake loading should be selected after consideration of horizontal 
and vertical accelerations which reasonably may be expected at each indi- 
vidual site, as determined from the geology of the site, proximity to major 
faults, previous earthquake history of the region, and available seismic records. 

Formulas used for computing the hydrodynamic pressures exerted on 
vertical and sloping faces by horizontal earthquake loadings have been de- 
termined by electric analogy, using the simplifying but justifiable assumption — 
that water is incompressible. 
Earthquake—Criteria 


Horizontal earthquake—1. For dams with vertical or sloping upstream 
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. 2—Hydrodynamic pressures upon face of dam due to horizontal earthquake shock. Pres- 
sure coefficients for constant sloping faces 


faces, the variation of hydrodynamic earthquake pressure with depth is given 
by the equation 


and 


Cal y 
C=—| = 
2 § 


Where 


P, = pressure normal to the dam face, lb per sq ft 


; , earthquake acceleration 
the earthquake intensity = 





acceleration of gravity 
unit weight of water, lb per cu ft 
maximum depth of reservoir, ft 
vertical distance from the reservoir surface to the elevation in question, ft 
= dimensionless pressure coefficient (the maximum value of C for a given slope 
can be obtained from Fig. 2) 


2. For dams with combination vertical and sloping face: 


(a) If height of the vertical portion of the upstream dam face is equal to or 
greater than one-half the total dam height, analyze as if vertical throughout. 


(b) If the height of the vertical portion of the upstream face of the dam 
is less than one-half the total height of dam, use the pressures on the sloping 
line connecting the point of intersection of the upstream face of the dam and 
the reservoir surface with the point of intersection of the upstream face of 
the dam with the foundation. 


Vertical earthquake—1. The component of water pressure normal to the 
dam face should be modified by an appropriate acceleration factor. 


2. The unit weight of concrete should be modified by the same acceleration 
factor used above. 
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lce—Basic consideration 

Existing design information on ice pressure‘ is inadequate and somewhat 
approximate. Good analytical procedures exist for computing ice pressures, 
but accuracy of results are dependent upon certain physical data which have 
not been adequately determined. These data must come from field and 
laboratory experiments. A laboratory and field testing program is in progress 
and some excellent information has been acquired by G. E. Monfore* of the 
Bureau of Reclamation. Until these studies have been completed and cor- 
related, the analytical procedures should act only as a guide in arriving at 
the design ice pressures. 

Ice pressure is created by thermal expansion of ice and by wind drag. 
Pressures caused by thermal expansion are dependent on the temperature 
rise of the ice, thickness of the ice sheet, the coefficient of expansion, elastic 
modulus, and strength of the ice. Wind drag is dependent on the size and 
shape of the exposed area, roughness of the surface, and the direction and 
velocity of the wind. Ice loads are usually transitory. Not all dams will 
be subject to ice pressure, and the designer should decide, after consideration 
of the above factors, whether or not an allowance for pressure is appropriate. 


Ice—Criteria 
Monfore and Taylor* have set up a method to analyze anticipated ice 


pressures, but until reliable basic data are obtained results of the analysis 
may be modified to allow for existing uncertainties. 


Silt—Basic consideration 

Available data on silt pressures are inadequate and scarce, and additional 
experimental and analytical studies should be made. Instruments should 
be devised and installed to record directly silt pressures against dams. Present 
procedure is to treat silt as a saturated cohesionless soil, having full uplift. 

Not all dams will be subjected to silt pressure, and the designer can decide, 
after consideration of available hydrological data, whether or not an allowance 
for silt pressure is appropriate. 
Silt—Criteria 

Horizontal silt pressure should be considered as equivalent to that of a 
fluid having a weight of 85 lb per cu ft. Vertical silt pressure should be 
determined as for a soil having a wet density of 120 lb per cu ft, the magnitude 
of pressure varying directly with depth. 


FORCES INDUCING STABILITY 
Dead load—Basic consideration 
Dead load is the weight of concrete and appurtenances, such as gates and 
bridges. A great deal has been learned in the last few years on structural 
behavior’ of dams. Analysis by instruments installed in gravity and arch 
dams has demonstrated that distribution of the dead load may be influenced 
in two ways by construction procedures. 


*Bureau of Reclamation research engineers on ice pressure investigations. 








DESIGN CRITERIA FOR CONCRETE DAMS 665 


First, temperature changes produce secondary stresses that are super- 
imposed on existing primary stresses. 

Second, sections of dams built to any considerable heights with ungrouted 
longitudinal or circumferential joints will not behave monolithically; that is, 
shear stresses are not transmitted across such joints prior to grouting. 


Dead load—Criteria 

Magnitude of dead loads should be considered to be the weight of concrete 
plus that of appurtenances such as gates and bridges. 

For preliminary design, unit weight of concrete should be taken as 150 lb 
per cu ft. For final design the unit weight of concrete should be determined 
by laboratory tests. 

Distribution of dead load should be analyzed in a manner consistent with 
the construction procedures to be used, with consideration of secondary 
stresses incident to temperature changes, and sequence of construction 
operations. It should be assumed that shear stresses are not transmitted 
across ungrouted longitudinal or circumferential joints. 


Shear resistance—Basic considerations 
Resistance to shear existing within a dam and foundation, and between a 
dam and its foundation results from the cohesion and internal friction inherent 
in the materials and at their contact. Shear resistance may be expressed 
with sufficient accuracy by the equation 
r = C+o, tan@d (3) 
Where 
7 = shear resistance, psi 
C = cohesion, psi 
tan @ = coefficient of internal friction 
o, = resultant normal pressure, psi 
Values for C and tan ¢ are different for different materials and can be 
determined only by experimentation. It is planned that values of C and 
tan ¢, for use in preliminary design, will be included in a table to be prepared 
by the Bureau, listing the physical constants of different types of rock and 
concrete, as soon as data from current and future tests become available. 


The shear friction factor Q is defined as: 


CA +N tan@ 
Ge Sheeeee (4) 


C = cohesion 

A area of the base considered 

H summation of shear forces 

N = summation of normal forces 
tan @ = coefficient of internal friction 


The shear friction factor is concerned with security against sliding or 
shearing on any section. Eq. (4), with appropriate values inserted for the 
loads and resistive forces, applies to any section of the structure or its foun- 
dation. Modifications of this equation may be required to investigate special 
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conditions within the foundation but the minimum factor will be the same 
for all cases unless highly unusual circumstances dictate otherwise. 

These considerations apply specifically to gravity dams, but in special 
cases it may be desirable to determine the over-all shear resistance of an 
arch dam or the shear resistance on specific planes. 


Shear resistance—Criteria 

For gravity dams, the shear friction factor as given by Eq. (4) should 
not be less than 4 for standard loading conditions A, B, or C, and when tested 
for extreme loading condition D, should be sufficient to insure stability. 
(Standard and extreme loading conditions are defined under ‘‘Combinations 
of loadings—Criteria,”’ p. 667.) 

When used for arch dams, the shear friction factor as given by Eq. (4) 
should not be less than 4 for the most severe standard loading conditions. 

For preliminary design, values for cohesion and internal friction should 
be the most reasonable that can be selected on the basis of known values of 
similar or comparable materials. 

For final design, values for cohesion and internal friction should be deter- 
mined by actual tests of the foundation rock and the concrete proposed for 
use in the dam. 


Allowable stresses, and quality and strength of concrete—Basic considerations 
With the exception of durability and impermeability, strength is the most 
essential property of good concrete and must exceed the stresses in the structure 


by some safe margin. 

Strength of concrete varies with age, the kind of cement, aggregates, and 
other ingredients and their proportions in the mix. Strength can be deter- 
mined only by experiment and, inasmuch as different kinds of concrete gain 
strength at different rates, measurements must be made on specimens of 
sufficient age to permit evaluation of ultimate strength even for types of 
concrete characterized by slow strength development. 

Although concrete is known to possess tensile strength, quantitative 
evaluations are uncertain and speculative. It is recognized that tensile failures, 
in the form of cracking, may in some cases have an important effect on struc- 
tural behavior of the dam, while in other cases they may be of little importance. 
It is also recognized that tensile stresses due to twist action and to temper- 
ature changes probably exist in all concrete gravity and arch dams. Questions 
regarding tensile stresses must be settled for each case, taking into account 
the location, magnitude, and direction of the stresses, and giving consideration 
to the effect of cracking on behavior of the structure. 


Allowable stresses, and quality and strength of concrete—Criteria 

The mix should be proportioned to produce durable and impermeable 
concrete of sufficient strength to meet design requirements multiplied by a 
safety factor. 

Strength of concrete should be determined by compression to failure of 
suitable cylinders containing the full mass mix and cured in sealed containers 
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at temperatures approximating those expected in the structure. These 
strengths shall be such that 80 percent of all companion test values exceed 
the strength required. 


Compressive strength of concrete determined as just specified should 
satisfy early load and construction requirements, and at 365 days’ age should 
have a ratio to the allowable working stress as determined by the designer, 
but this ratio should not be less than 4. However, in no case should the 
allowable working stress exceed 1000 psi. 


Combinations of loadings—Basic considerations 

Load combinations chosen for design should include only those loads 
having reasonable probability of simultaneous occurrence, but the design 
should be made for the most adverse combination of such “probable” 
conditions. 

Combinations of transient loads, each of which has only remote probability 
of occurrence at any given time, have negligible probability of simultaneous 
occurrence, and cannot be considered as reasonable bases for design. For 
example, maximum earthquake will not be combined with maximum design 
flood, nor will maximum ice pressure normally be combined with maximum 
design flood or maximum earthquake, although in special cases some fraction 
of the maximum ice pressure may best be considered as a long-continuing 
rather than a transient load. 


Combinations of loadings—Criteria 

Design of gravity dams should be based on the most adverse of the three 
standard load combinations (A, B, and C below). The design should then be 
tested against the extreme load combination (D below). 

Design of an arch dam should be based upon the most severe standard 
load combination below, excluding normal uplift, unless special considerations 
dictate otherwise. 

Uplift loads to be used are those defined under uplift criteria. 


Standard load combinations 

A. Normal water surface elevation, ice and silt (if applicable), and normal uplift. 

B. Normal water surface elevation, earthquake, silt (if applicable), and normal uplift. 

C. Maximum flood-water surface elevation, silt (if applicable), and normal uplift. 
Extreme load combination (gravity dams only) 

D. Maximum flood-water elevation, silt (if applicable), and extreme uplift (drains in- 
operative. 
Reservoir empty 

E. The condition of empty reservoir (without earthquake), shall be computed for rein- 
forcement design, grouting studies, or other purposes. 
Overturning of gravity dams—Criteria 

Before bodily overturning of a gravity dam can take place, other failures 
may occur such as crushing of the toe material, and cracking of the upstream 
material with accompanying increases in uplift pressure and reduction of the 
shear resistance. However, it is desirable to provide an adequate factor of 
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safety against the overturning tendency. This may be accomplished by 
specifying the maximum allowable stress at the downstream face of the dam. 
Earthquake forces, because of their oscillatory nature, are not considered as 
contributing to the overturning tendency. 


Overturning is not considered as a design factor for arch dams. 


Overturning of gravity dams—Criteria 

' A properly designed gravity dam should be considered safe against over- 
turning if under the extreme load combination D, the criteria regarding 
allowable stresses and quality and strength of concrete are satisfied. 


BIBLIOGRAPHY 


1. Structural behavior 
Raphael, Jerome M., “Determination of Stresses from Measurements in Concrete Dams,” 
Third Congress on Large Dams, Paper No. R 54, Stockholm, 1948. 


Raphael, Jerome M., “The Development of Stresses in Shasta Dam,” Transactions, ASCE, 
V. 118, 1953. 


2. Uplift 

McHenry, Douglas, “The Effect of Uplift Pressures on the Shearing Strength of Concrete,” 
Third Congress on Large Dams, Stockholm, 1948. 

Richardson, Joe T., “Summary of Uplift Pressures at Bureau of Reclamation Dams,” 
Bureau of Reclamation Technical Memorandum No. 636, Aug. 1948. 

Bey, Serge Leliavsky, “Experiments on Effective Uplift Area in Gravity Dams,’ Trans- 
actions, ASCE, V. 112, 1947. 


3. Earthquake 


Westergaard, H. W., “Water Pressures on Dams During Earthquake,” Transactions, 
ASCE, V. 98, 1933. 

Jacobsen, Lydik S., “Abstract of Report on Experimental Studies of Dynamic Loads on 
Retaining Walls Subjected to Simulated Earthquakes,” TVA Report No. 0-2234 B, Aug. 11, 
1939. 

Zangar, C. N., “Hydrodynamic Pressures on Dams Due to Horizontal Earthquake Effects,”’ 
Bureau of Reclamation Engineering Monograph No. 11, May 1952. 


4. Ice pressure 

Rose, Edwin, “Thrust Exerted by an Expanding Ice Sheet,” Transactions, ASCE, V. 112, 
1947. 

Monfore, G. E., and Taylor, F. W., “The Problems of Expanding Ice Sheet,” Bureau of 
Reclamation Memorandum, Mar. 18, 1948. 

Monfore, G. E., “Laboratory Investigations of Ice Pressure,” Bureau of Reclamation— 
Structural Laboratory Report No. SP-31, Oct. 8, 1951. 

Monfore, G. E., “Ice Pressure Measurements by Means of Indentor Gages for the Winter 
of 1950-1951,”’ Bureau of Reclamation—Structural Laboratory Report No. SP-33, Dec. 12, 1951. 

Monfore, G. E., “Ice Pressure Against Dams: Experimental Investigation by the Bureau 
of Reclamation,” Proceedings, ASCE, Separate No. 162, Dec. 1952. 

Monfore, G. E., “Ice Pressure Measurements,” Bureau of Reclamation—Concrete Laboratory 
Report No. C-662.1A, Dec. 7, 1953. 





Title No. 50-41 


Rapid Design of Continuous Prestressed Members* 


By E. |. FIESENHEISERT 
SYNOPSIS 


Advantages of prestressing combined with continuity are emphasized 
and fixed-end moment formulas for various conditions of prestressing may 
help to make the combination feasible. Line of thrust and kern boundary 
concepts are advocated for use in design and their use is illustrated in an 
example of a three-span continuous beam structure. 


INTRODUCTION 


Prestressing combined with continuity may in some cases yield more 
economical construction. First, prestressing saves material because the entire 
cross section of the member is in compression, whereas in ordinary reinforced 
concrete the area on the tension side of the neutral axis is not utilized to 
resist flexure. Secondly, continuity reduces flexural stresses since the end 
portions of members carry a share of the bending moment, thus reducing 
critical positive bending moments. Obviously a combination of these two 
construction methods results in maximum economy of materials, and in 
addition their combination will result in a concrete structure with minimum 
deflections. 

It would be naive to say that material economy is the only factor in an 
over-all appraisal, for, compared to the total cost of construction, material 
costs are only one item. When prestressing is used there may be additional 
costs such as: (1) use of relatively unfamiliar methods, (2) purchase or rent of 
prestressing equipment usually not on hand, (3) use of high strength steel 
which is more expensive than ordinary reinforcement, and (4) additional 
time required for structural design. All these factors are reflected in the 
purchase price of the completed structure; however, as more prestressed 
structures are designed and built and contractors become more familiar with 
this construction method, items (1) and (2) will tend to be reduced. Item 
(3) is not especially important because a smaller quantity of steel is required, 
and item (4) will be minimized as design techniques are developed and 
structural engineers become familiar with them. 


CONTINUOUS PRESTRESSED STRUCTURES 
In considering the type of structure to use, the possibility of differential 
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settlement of supports may rule out the use of continuity, but, if unequal 
settlement is not probable, then a continuous prestressed structure may be 
the most economical choice. 

When prestressing units (wires, cables, rods, or straps) are placed eccentric- 
ally with respect to the centroidal axis of the cross section, additional end 
moments due to continuity must be calculated. If the profile of the pre- 
stressing steel has been determined or assumed, members may first be re- 
garded as fixed at their ends and fixed-end moments calculated for use in 
either the moment distribution or slope-deflection methods. The resulting 
solution gives the final end moments which become a part of the prestress 
effect, and their determination is what makes design of continuous prestressed 
structures a step more involved than is the case for simply-supported pre- 
stressed structures. 

Although the techniques described in the following discussion are not new, 
it is believed that their emphasis and application to the design of continuous 
members will be helpful. 


LINE OF THRUST CONCEPT 


In an analysis of a prestressed structure without external loads, F will be 
used to denote the prestress force, after deduction of all losses caused by 
shrinkage, creep, and friction, and may be thought of as a compressive thrust, 
producing only uniform direct compressive stress over the cross section when 
the thrust coincides with the neutral axis, but producing both direct and 
bending stresses when it is eccentric with respect to the neutral axis. Thus 
the profile of the prestressing element represents the line of thrust in non- 
continuous members. If the centroidal axis of any member is considered 
as the base line, the profile becomes a moment diagram to the scale of 1/F, 
or it may be regarded as a true moment diagram for a force F equal to unity. 
Since in practically all cases eccentricities are small in comparison to span 
lengths, no distinction needs to be made between F and its horizontal compo- 
nent as these are nearly equal. 

In continuous structures the final end moments due to the prestress effect 
only may be evaluated as described above, and a moment diagram drawn 
for these end moraents. Dividing the ordinates of this diagram by the force 
F produces a diagram which may be regarded as simply the movement of 
the original line of thrust, and when ordinates are added algebraically to the 
original thrust profile, the sum gives the actual thrust profile representing 
the total effect of prestressing for the continuous member. For horizontal 
members, when the thrust line is above the neutral axis, the eccentricity 
produces tension in the bottom fibers or positive moment; when it is below 
the neutral axis, it produces tension in the top fibers of the member or negative 
moment. 

In considering the effects of external loads, live load moments are evaluated 
by the usual methods of analysis for continuity, by a separate calculation. 
A separate moment diagram for the external load effect is drawn and the 
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F denotes prestress force. 
NA. denotes neutral axis 
Fig. 1—Fixed-end moments due to straight prestressing elements 


ordinates are divided by the force F. For each span, the result is the thrust 
profile due to external loads, and when ordinates are added algebraically to 
those for the prestress effect, the thrust profile for all effects is obtained. 
Different loading conditions and values of F will result in different thrust 
profiles, each of which may be separately plotted, reducing the total effect 
of any given loading to a single curve. 


KERN BOUNDARY CONCEPT 


If it is desired to entirely avoid tensile stresses in the concrete, the line of 
thrust must for all loading conditions lie within the kern of the cross section. 
The distances from the neutral axis to the kern boundaries are determined by 
dividing section moduli by areas of cross section. Above the neutral axis 
the kern boundary is located at Z,/A. and below the axis at Z,/A. where 
Z, and Z, are section moduli of top and bottom fibers, respectively, and 
A, is the cross-sectional area of the member. Since the line of thrust must 
lie within these limits, the plotting of final lines of thrust for all expected 
loading conditions will indicate the necessary limits of the kern boundaries. 
These should be set to fall outside but close to the envelope of all thrust lines. 
Thus the ratios of section moduli to areas will be known and can be used in 
design. 

In case a small tensile stress is to be allowed in the concrete, the boundaries 
for the line of thrust may be established slightly outside the kern to govern 
this condition. 








JOURNAL OF THE AMERICAN: CONCRETE INSTITUTE April 1954 


x' 





(1+6k) 
—"s 


M, = F 


(a) 


Fig. 2—Fixed-end moments due to parabolically curved prestressing elements 


FIXED-END MOMENTS DUE TO PRESTRESSING 


Formulas for fixed-end moments covering various arrangements of the pre- 
stressing elements are given in Fig. 1, 2, and 3. In all cases the moment of 
inertia is assumed constant throughout the span. Signs of fixed-end moments 
are positive if the end rotation of the member exerts clockwise moment on 
the restraining joint and negative if it exerts counter-clockwise moment. 


Fig. 1 covers various arrangements of straight prestressing elements, with 
Fig. 1(c) and 1(d) showing arrangements sometimes desirable when designing 
for a concentrated load fixed in position on the span. All fixed end moments 
are functions of F and the eccentricities used. 


Fig. 2(a) considers a simple parabolic curve with zero end eccentricities 
and in which the low point may be placed in any desired position in the span 
by use of an appropriate value of k; Fig. 2(b) illustrates the special case of a 
parabolic curve in which the low point is at end B. 

Fig. 3(a) shows an arrangement especially suitable for the end span of a 
series of continuous girder spans. This thrust profile tends to produce negative 
moment near end A and positive moment over the support at B, thus counter- 
acting the usual positive and negative moments at these points due to external 
loads. With the origin of coordinates always at the low point in the span, 
the ordinate y’ is that of a second degree parabola, whereas y is the ordinate 
of a higher degree parabola. By a suitable choice of k, the low point of the 
curve may be placed where desired in the span. Formulas given may be 
used for any value of e, and eg, in fact, even for negative values, with the sign 
of the fixed-end moment as shown in the arrangement in Fig. 3(a). 





DESIGN OF CONTINUOUS PRESTRESSED MEMBERS 
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Fig. 3—Fixed-end moments due to parabolically curved prestressing elements 


Fig. 3(b) is particularly useful for interior spans of continuous girders. 
Here both y’ and y are ordinates of third degree parabolas. In case the low 
point occurs at midspan, k is 4, and the simplified formulas shown below 
the figure result. 


ILLUSTRATIVE EXAMPLE 


Since it is the purpose of this brief paper only to illustrate certain techniques, 
no attempt will be made to work out a complete design. A continuous,girder 
with 40—60—40-ft spans will serve to illustrate use of the formulas and 
method. Complete design of such structures involves a number of variables, 
among them being various loading conditions, choice of prestressing forces 
F for the various spans, shape and size of cross sections in each span, and the 
many possible arrangements of prestressing elements. In the example the 
following data have been assumed: 


(1) A uniform cross section throughout the 140 ft length of structure. 

(2) A uniform force F throughout all spans. 

(3) A uniform external load of 0.5 kips per ft throughout all _ 

(4) Low point of profile at k = %4 in spans 1 and 3 and at k = 1% in span 2. 
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Fig. 4—Three-span continuous prestressed girder with load and resulting thrust profile for 
illustrative example 


Fig. 4(a) shows the loaded structure and Fig. 4(b) the thrust profile due to 
the uniform load only, Ordinates to this profile have been determined by 
dividing the moment by F at all points, where F is assumed as 100 kips. 
Fig. 5(a) gives a tentative profile of the prestressing steel, and, of course, 
represents the centroid of the steel. Using this arrangement, the fixed-end 
moment at the right end of span 1, from Fig. 3(a), is 


Ms = _ [(3 + 2k)? ea — 3 (1 ros k) (7 + 3k) ep] 


F 
Ms = = [@ + 0.75)" 6 — 3 (1 — 0.375) (7 + 1.125) 16] = — 7.97 F in-kips. 
From Fig. 3(b) the fixed-end moment for the center span is 


BF F 
2s (3lea — 20e, — lles) = = [31(16) — 20(11) — 11(16)] = 2.50 F in.-kips ~ 


Using moment distribution to evaluate the final end moments due to the 
prestressing effects only, these fixed-end moments are distributed. Due to 
the symmetry of the structure, it is only necessary to balance moments at 
one joint, which is the first interior support: 


DESIGN OF CONTINUOUS PRESTRESSED MEMBERS 
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Fig. 5—Effect of prestress for illustrative example 
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Fig. 6—Thrust profile for load plus prestress in illustrative example 


The resulting moment of 4.19 F in.-kips is the final end moment resulting 
from the prestress eccentricity, and yields the diagram of Fig. 5(b) represent- 
ing the movement of the original thrust profile. By adding algebraically 
to the original profile, Fig. 5(a), the total prestress effect is obtained (Fig. 5(c)). 

Fig. 4(b) and 5(c) are combined by adding ordinates to obtain the total 
effect of load plus prestress with the final result shown in Fig. 6. This, of 
course, represents only one loading condition since Fig. 4(b) is not an envelope 
of all possible thrust lines. 

It should be pointed out that Fig. 4(b) is a function of F and the load only 
and is not affected by thrust eccentricities. It is therefore possible to increase 
or to reduce the ordinates of this diagram simply by changing F; changes 
in ordinates will be directly proportional to changes in F. The opposite is 
true of Fig. 5(c) where the ordinates are functions of prestressing steel eccen- 
tricities only and are not affected by changes in F. It is therefore possible 
to control these variables and to make adjustments until an economical 
design is worked out for given spans and loadings. Plotting the various 
thrust profiles and their combinations provides the designer with a clear 
picture of each step in his calculations. 
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Design of Concrete Mixes for Vacuum Processing® 


By JOHN G. DEMPSEY tf 


SYNOPSIS 
Results of applying the vacuum process to field and laboratory mixes are 
analyzed with respect to the workability and strength, and an inquiry is 
made into the apparent relationship between vacuum process slabs and 
specialized vacuum cylinders made from the same batch. The effect of the 
vacuum process on the water-cement ratio is discussed and a method of 
designing concrete mixes, so as to protect the final yield of the concrete and 

secure full benefits of the system, is proposed. 


INTRODUCTION 


Although the vacuum concrete process has been available for over 15 years 
it is rarely used in obtaining concrete with a minimum water-cement ratio 
in a practical, economical way. As compared to unprocessed concrete of the 
same initial water-cement ratio, vacuum concrete shows increases in com- 
pressive strength ranging from 40 to over 100 percent. The maximum depth 
at which the vacuum is effective in removing water quickly is said to be from 
12 to 15 in. from the face of the mat horizontally or vertically, as the case 
may be. This permits treating practically all types of slabs and floor con- 
struction, and walls 2 to 3 ft thick can be processed if suction is applied from 
both sides. 

Typical operations where the vacuum process seems to justify itself 
economically are wall construction, where height, length, number of form 
re-uses, or speed are factors, and structural slabs and floor finishes. 


The purpose of this investigation was to examine the use of the vacuum 
process in placing concrete and to develop a method of concrete mix design 
that would realize the maximum benefit using this system. The effect of the 
vacuum process as applied to fresh concrete specimens is reported both from 
the field and laboratory. Based upon the data reported, a method of design- 
ing concrete mixes for use with the vacuum process is proposed. 

Laboratory tests 

The initial laboratory mix series was based on a nominal 434 sacks of 
cement per cu yd of mix. A 1/10- cu yd batch was run with a water content 
of 81% gal. per sack of cement (0.75 W/C by weight). In addition to the 
usual cylinder molds, forms 2-ft square and 6 in. deep were filled and struck 

*Received by the Institute Mar. 12, 1953. Title No. 50-42 is a part of the copyrighted JourNAL or THE 
AMERICAN CONCRETE INsTiITUTE, V. 25, No. 8, Apr. 1954, Proceedings V. 50. Separate prints are available at 
50 cents each. Discussion (copies in triplicate) should reach the Institute not later than Aug. 1, 1954. Address 
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off, and a vacuum mat was attached to alternate slabs for 20 min under 
simulated field conditions. Unprocessed cylinders were cast along with the 
unprocessed slabs, vacuum cylinders, and vacuum slabs. One extra cylinder 
was made in each case to measure the water-cement ratio directly, and 
determination was made of material taken from the top and bottom of the 
test slabs, before and after vacuum processing. 


Further tests were made comparing plain and vacuum concrete containing 
31% and 4 sacks of cement per cu yd of mix and a mix containing 34 sacks 
of cement plus 2 sacks of fly ash per cu yd of concrete. Other mixes were 
included in the series for comparison, showing results with low slump, but 
without vacuum. One of these was treated with calcium lignosulphonate 
as combined in a proprietary cement dispersing agent. 


FIELD OBSERVATIONS 

Job No. 1 

A complete record was kept on this job of both aggregate and concrete. 
During the time vacuum concrete was used it was applied to floor slabs only, 
with columns and beams cast of unprocessed concrete to which an extra 
one-half sack of cement was added. Slumps were maintained between 4 and 
5in. In preparing concrete test specimens, material was taken from the hopper 
at the ground level, and unprocessed as well as vacuum cylinders were made 


from the same batch. Samples of aggregate were taken from the batch 
trucks. 


Two lifts placed Apr. 16-17, 1952, were of particular interest in indicating 
the effect of variations of sand grading on vacuum concrete. On the 16th 
the sand was coarse, having a fineness modulus of 3.03. Bleeding before 
vacuum was excessive, and after vacuum was applied finishing was difficult. 
A minimum amount of fines was brought to the surface by the finishing 
machine and much extra hand work was necessary. Compressive strength 
of the test cylinders averaged 5600 psi in 28 days. On the subsequent lift 
the supplier corrected the sand grading so as to reduce the fineness modulus 
to 2.78. Bleeding of the fresh concrete was no longer excessive and finishing 
problems were strictly routine. At the same time the 28-day concrete strength 
dropped to 5350 psi, but the companion unprocessed cylinders on the other 
hand, increased from a 28-day strength of 3730 psi on the 16th to 3880 psi 
on the 17th. Evidently the coarse-graded sand enabled the vacuum equip- 
ment to withdraw sufficient water to cause difficulty in finishing. 


Prior to May, 1952, the vacuum process was not in use, but an air-entraining 
agent and fly ash were being added to the 4 sacks cement per cu yd of concrete 
mix. A second class of concrete was untreated and contained 5 sacks of 
cement per cu yd. Compressive strength at 28 days averaged 3420 psi for the 
4-sacks cement per cu yd treated batch and 3310 psi for the untreated 5-sack 


batch. Strength, however, was far from uniform and varied up to 19 percent 
from average. 





VACUUM CONCRETE MIX DESIGN 679 


Substitution of a cement-dispersing agent for the air-entraining agent and 
elimination of fly ash brought uniformity of compressive strength to a satis- 
factory level. Subsequently the use of the vacuum process was initiated using 
4% sacks of cement per cu yd; strength at 28 days rose to an average of 4750 
psi as compared with 3240 psi for unprocessed concrete taken from the same 
batches, and, in addition, uniformity of the vacuum concrete was satisfactory, 
with a coefficient of variation of 11 percent. 


Job No. 2 

Considerable data are available from the concrete test cylinders made on 
this job. Unprocessed cylinders were made periodically but not with every 
set. Samples of the aggregate furnished were also taken from time to 
time. Twenty concrete strength tests made prior to Apr. 9, 1952, with a 
nominal cement content of 414 sacks per cu yd developed an average 28-day 
compressive strength of 4810 psi. Uniformity was satisfactory with a co- 
efficient of variation of 13 percent. It was estimated that the water before 
vacuum was about 6 gal. per sack of cement (W/C = 0.53 by weight). Based 
on the average strength obtained, the vacuum process reduced this to 5 gal. 
per sack, or a W/C of 0.44. Withdrawal of water brought about a reduction 
of yield, also, with a consequent increase in cement content. Prior to making 
a field adjustment in sand, this effect increased the cement factor to approxi- 
mately 434 sacks of cement per cu yd of concrete. 


Job No. 3 

Vacuum concrete was used in this project also, and test cylinders taken 
during the course of the work followed about the same procedure used in job 
No. 1, 7.e., concrete aggregate was sampled and both unprocessed and vacuum 
test cylinders made. Generally, the cement factor was 41% sacks of cement 
per cu yd of concrete except at the start of the work, when 5 sacks were used. 


EQUIPMENT 


Batching and mixing equipment used for the concrete mixes was quite 
varied. Laboratory batches were made in a 3)%4-S gasoline-driven drum 
mixer with due allowance made for surface moisture of the aggregate. The 
net mixing water was weighed, and mixing time was 3 min. Consistency of 
the concrete made with the small laboratory mixer, when measured by the 
slump test, was quite different from that of a larger batch of similar pro- 
portions and materials, mixed in a large construction-type mixer. There is, 
therefore, no relationship to be inferred between slumps reported in the 
field and those recorded at the laboratory. 


On both job No. 1 and 2, materials were delivered in dry-batch trucks to 
a paver-type mixer for 1.l-cu yd batches, which were mixed from 1 to 2 
min. The water used was reported in general terms, the machine operator 
estimating his average charge. For purposes of analysis when a slump was 
reported as 41% in., which was the design consistency, it was assumed that the 
total mixing water was the same as in the original mix design. 
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TABLE 1—SAND CHARACTERISTICS* 





Sieve size, No. Bagh 
Percent of total Variation, percent Total percent 





Passing, percent Retained, percent 








4 
8 16 
16 } 30 
30 | 50 
100 

Pan 








50 
100 


REE ERE 
He RO RODD RO 





Fineness modulus: Average 2.87 
Maximum 3.13 
Minimum 2.65 





*The sand used had an average specific gravity of 2.66 and the percent voids ranged between 31 and 34. Per- 
cent clay and silt was from 1.0 to 1.4. Its average grading is shown together with the variation. As shown, 
variation is the average standard deviation, weighted for an indefinite number of measurements. 


At job No. 3 the mixes analyzed were mostly batched at a central plant 
less than a mile from the job site and delivered in ready-mix trucks. Moisture 
content of the aggregate was measured at the start of the work and periodi- 
cally as necessary, with indicated corrections applied to the weighed mixing 
water. The batch size was 4 cu yd mixed for approximately 15 min from 
time of loading to the time of discharge. Close contact was maintained at 
all times between plant and job to keep the concrete as consistent in quality 
as possible. 

Vacuum equipment used in the laboratory as well as at job No. 1 and 2 
was rented and consisted of a 1000-cfm truck-mounted compressor coupled 
on the intake side of a large water tank fitted with the necessary water, 
vacuum gages, hose, manifolds, and mats, and produced 25 to 28 in. of vacuum 
at the gages. 

Equipment used at job No. 3 was made by the contractor. Two heavy- 
duty 55-gal. drums were each fitted with a water gage and a vacuum gage, 
so connected to the vacuum hose line that suction passed through either 
barrel at the direction of the operator, thus permitting continuous operation 
while the drums alternately filled with water withdrawn from the concrete. 
The exhaust line led from the top of the barrels to the air-intake side of a 
500-cfm compressor, which, with up to six mats, applied 20 to 25 in. of vacuum 
as measured on the gages. 


MATERIALS 


All cement used in both the laboratory and in the field was a Type I portland 
cement obtained in the Chicago market during 1952. 


Both coarse and fine aggregate used at the laboratory and on job No. 1 
came from the same source. While this investigation was in progress, the 
sand was that generally designated as torpedo sand No. 2. Sand used on 
job No. 2 came from a supply yard on the south side of Chicago. Most 
aggregate for both jobs came from Grand Haven, Mich., and aggregate used 
on job No. 3 came from Elkhart, Ind. Coarse aggregate used conformed to 
ASTM specifications with the exception of occasional variations in top size 
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TABLE 2—LABORATORY MIXES* 





Mix properties 


Mix 10, low slump 


Mix 14, CDA,t unprocessed 





Proportions by weight 

Cement per cubic yard, sacks 

W/C by weight 

Sand-aggregate ratio, percent 

Air content, percent 

Slump, in. } 
Average 28-day compressive strength, pei 


1: 3.35: 
4.24 





“1: 3.20: 5.49 plus CDA 
4.25 


5.39 











Mix 16 


U nprocessed ay 


Vacuum 





Proportions by weight 

Cement per cubic yard, sacks 

W/C by weight 

Sand-aggregate ratio, percent 

Air content, percent 

Slump, in. 

Average 28-day compressive strength, psi 


a: perercys 6.288 a3 4.143 : 6.288 
3.50 3.50 


0.71 0.50 


40 


9 
- 
‘ 





40 
1. 
2. 
540 


he i 


hh Pesce 





” Mix 18 


Vacuum } Bh. nproc eased Vacuum 





Proportions by weight 
Cement per cubic yard, sacks 
W/C by weight 
Sand-aggregate ratio, percent 
Air content, percent 
lump, in. | 
| 


Average 28-day compressive strength, psi 3640 


: 3.730: 6.286 | | 1: : 5. 320 
3.50 


.64 


4.110: 





1: 4.110 : 5.320 
4 

0.49 

43.5 


0.46 
37 


4750 fe 





3070 4510 








*The nominal proportions by weight as measured before application of 7 vacuum to the batches reported herein 


are given. 


Air content was determined in accordance with ASTM Designation C 231-49T, except that a previously 


calibrated White air meter was used having a measuring bowl of 0.25-cu ft capacity. 


+tCement dispersing agent. 
tIncludes two sacks fly ash. 


and its characteristics are not reported here. 


in some detail and its average charact 


The sand, however, is considered 
eristics are shown in Table 1. 


CONCRETE MIXES 


The various mixes used in the laboratory and field were investigated, 
with respect to physical properties, and these data are covered in Tables 


2, 3,4, and 5. A clear contrast results 


in comparing vacuum and unprocessed 


specimens especially with respect to strength. 


TABLE 3—FIELD MIXES 





Mix properties 





| 
| Job No. 1* | Job No. 2t Job No. 3 
| 





Cement, lb 

Sand, lb 

1-in. gravel, Ib 

Water, 

W/C by weight 

Sand-aggregate ratio, percent 

Air, percent 

28-day compressive ane psi, unprocessed 
28-day compressive strength, psi, vacuum processed 
Estimated reduction in water, Ib 

Estimated W/C, vacuum 

Coefficient of variation, percent, unprocessed 
Coefficient of variation, percent, vacuum processed 
Maximum considered satisfactory, percent 
Estimated loss in yield by vacuum, cu ft 
Estimated vacuum cement factor, sacks 











*Mix No. 2 without an admixture. Volume before vacuum processing, l cu yd. 
tModified mix No. 2 without an admixture. Volume before vacuum preening, 1 cu yd. 
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TABLE 4—MEASUREMENT OF WATER CONTENT* 





| Cylinder, plain \Cylinder, vacuum 








Water, gal. per cu yd 
W/C by weight 


28-day strength, psi 


Cement, sacks per cu yd 


ee ‘i 


ay } 
| 


40.2 33.6 
0.748 0.613 
4.75 4.94 
2040 3330 


Slab, top | Slab, bottom 


4.88 4. 
3150 (estimated) 3120 (estimated) 








*Mix No. 0 was investigated with a direct measurement of the water-cement ratio of the fresh concrete obtained 
by the method of W. M. Dunagan in his Manual of Control Tests for Portland Cement Concrete, 1939. 


VACUUM MIX DESIGN 


Field experience has confirmed that use of vacuum concrete permits early 
stripping and a substantial saving in forms, particularly in the winter. 

Results obtained from job No. 1 cylinder tests show the relationship between 
unprocessed and vacuum concrete under average job conditions. 
percent column of Table 6, the compressive 
per cu yd vacuum concrete at 3, 7, and 28 days and a richer 6-sacks cement 


In the 
strength of 4)-sacks cement 


TABLE 5—COMPRESSIVE STRENGTH 





















































Com- 
Mix Type Age Cement, | pressive | 
No. | sacks per strength, 
cuyd | psi 
Labcratory 
_—_ - ~ ——-| — | ——______-___ | 
16 | Unprocessed! 7 days 3.5 | 1500 
| 28 days 2540 
4 months 3540 
6 months | 4920 
oh Vac uum ‘a 7 days 1 3.5 | 3240 
| 28 days 4360 
4 months | | 5590 
6 months | 6060 
17F | Fly ash, 7 days 3.5+2 1930 
| unprocessed |28 days cu ft 3640 
4 months | fly ash 5110 
17F | Fly ash, 7 days 3.5 +2 3118 
| vacuum 28 days cu ft 4750 
4 months | fly ash 6830 
} 6 months 7070 
18 | Unprocessed) 7 days 4 2030 
28 days | 3070 
4 months 4390 
6 months _— 
18 Vacuum 7 days 4 
28 days | 4510 
4 months | 5890 
6 months 6530 
10 Unprocessed| 7days | 4.2 1980 
28 days | 3250 
6 months | 5 
14 Unprocessed! 7 days 4.2+ 3020 
CDA* 28 days CDA* 3980 
3 months 6030 
6 months | | 5680 
0 | Unprocessed| 7days | 4.75 | 1150 
28 days 2040 
ceqmanniniestitilpceespiasinivabsinan lib Sener cmncttinulse a 
0 Vacuum 7 days | 4.75 2: 510 
28 days | 3330 


























Mix 
No. 


| SP-5 


SP-5 
































| | 
| | Com- 
| Type | Age | Cement, | pressive 
| | | sacks per | strength, 
| } | euyd psi 
Job No. 1 
—|—_—— | intents 
Unprocessed! 7 days | 4 | 1944 
| fly ash and |28 days | 3420 
| Darex | 
U Inprocessed| 7 days 4.5 2590 
28 days 3240 
Vacuum 3 days 4.5 3190 
} 7 days | 3830 
28 days 4790 
aparentcenbuadelaeal |__| _—_— a 
Unprocessed! 7 days 5 1660 
28 days | 3310 
U nprocessed 7 days | 6 2990 
28 days 4100 
bs Pea . CP ea eisai 
Job. No. 2 
Va acuum 7 days 4.5 3240 
28 days 4810 
Job No. 3 
U nprocessed| | 3 days 4.5 1650 
| + CDA* | 7 days 3070 
|28 days 4410 
-| ee ED 
| Vacuum | 7 days 4.5 3750 
+ CDA* |28 days 5490 
lee tbebrcn. Moca d de Mas Le 
Unprocessed 7 days | 5 2490 
28 days 4170 
3 months | 4590 
Vacuum z days 5 | 3410 
|28 days 5350 





*Cement dispersing 
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TABLE 6—FIELD STRENGTH COMPARISONS 





| wena 
Job Strength, Variation, Percent change from 
function psi percent ere We “Oe ERS 
of average Line (1) Line (4) 





Unprocessed 4'4-sack* concrete 


iis ghcechs pista hdc dabeaed Ci dbsreateor ac t 
| Test only 3240 m= 7 


Vacuum 4%-sack *concrete 





Floor slab 3190 + 18 
3830 + 18 
4790 * 11 





Unprocessed 6-sack* concrete 


(5) 28 Columns 4100 i) 





*Sacks cement per cu yd of concrete. 


per cu yd unprocessed concrete at 28 days is compared with the average 28-day 
strength of unprocessed concrete made from the same batches as the 4)4-sack 
vacuum specimens, with the leaner unprocessed mix taken as 100 percent. 

In the final right hand column (Table 6) mixes are again compared, using 
the average 28-day compressive strength of the 4'4-sack vacuum concrete 
as 100 percent. 

From Table 6, it is seen that the increase in 28-day concrete strength 
developed by the vacuum process is about 48 percent. Also, the three-day 
strength of 4!4-sacks cement per cu yd vacuum concrete on this project 
was 98 percent of the strength developed by the plain, or unprocessed, 414- 
sack mix in 28 days. 

It is good practice to allow for an average strength 15 percent above require- 
ments in designing a concrete mix. Using the three-day strength of vacuum 
concrete as the basis for the mix design, the record shows this to be equivalent 
to 98 percent of the 28-day strength of unprocessed concrete of the same 
cement content. Thus the desired three-day strength of vacuum concrete 
divided by 98 percent, and the quotient multiplied by 115 percent to allow 
for strength variation, forms a 28-day basis from which to start designing 
a mix. 

As an example, experience has showed that even in winter it is often 
practicable to strip forms in three days, provided the concrete has attained 
a strength of 2000 psi. Assume this to be the condition from which to develop 
vacuum mix proportions. Using the factor outlined in the preceding para- 
graph, a nominal 28-day design strength of 2350 psi (1.15 & 2000) requires 
a water-cement ratio of 0.73, by weight, to develop the desired 2000-psi 
minimum. It is noted in Table 6 that 28-day vacuum concrete developed 
148 percent of 28-day plain concrete strength taken from the same batch. 
On this basis the estimated average 28-day strength of the proposed vacuum 
mix would be 3480 psi. 

When vacuum is applied to fresh concrete, it becomes stiff enough for a 
man to walk on, and for this reason the design “slump”’ is taken to be zero. 
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When the designer has obtained the proportions for a cubic yard of concrete 
at this consistency, sufficient water is added to produce a slump of 41% to 5 
in. in the concrete as it leaves the mixer. This provides sufficient plasticity 
for good placement. In this manner the yield of the final concrete is pro- 
tected, since the water withdrawn by the vacuum machine has been added 
as an extra. 

The manner of working out such a vacuum mix design is best shown by 
working out the details of a mix to produce 2000-psi concrete (minimum) 
in three days. 


Example of vacuum mix design 
1. Design requirements: 
Vacuum-processed concrete to produce a minimum three-day compressive strength 
of 2000 psi. 
2. Consistency: 
Slump before vacuum: 5 in. 
Slump after vacuum: zero. 
3. Aggregate characteristics: 
Coarse gravel 
Rounded shape, 1-in. maximum size. 
Specific gravity: 2.67 saturated surface dry. 
Fine aggregate 
Specific gravity: 2.66 saturated surface dry. 
Percent voids, 33 percent. 
Fineness modulus, 2.98. 
4. Nominal “28-day” design strength at zero slump: 
(a) Adjust in accordance with percentage noted in Table 6 plus 15 percent to 
allow for probable variation, 2000 X 1.15/0.98 = 2350 psi. 
5. Water-cement ratio required: 
(a) By interpolation from Table 2,* W/C = 0.73 (8.25 gal. per sack). 
6. Total mixing water for saturated surface-dry aggregate: 
(a) From Table 5,¢ for 1-in. rounded gravel, natural sand with fineness modulus of 


2.75, and W/C of 0.57 by weight 





300 Ib 
(b) Less 3 X 3 = 9 percent for zero slump — 27 lb 
(c) Net water after vacuum 273 |b 


7. Adjustment to make 5-in. slump for placement: 
(a) Add 3 percent per in. X 5-in. increase to 6(c) 
273 X 1.15 = 314 lb, total water at delivery and before vacuum. 
314 / 833 = 37.7 gal. 
8. Determination of sand-aggregate ratio: 
(a) Basic requirement from Table 5+ 
41.0 percent 
(b) Correction for fineness modulus 
2.98 — 2.75 = + 0.23 
0.23 X 10 X 1/2 = + 1.1 
*Committee 613, ‘Recommended Practice for the Design of Concrete Mixes,” ACI Journat, June 1945, Proc. 


V. 41, p. 654. 
+Same report, p. 656. 


ee —— 











VACUUM CONCRETE MIX DESIGN 


(c) Correction for W/C 
0.73 — 0.57 = + 0.16 
0.16 X 2 X 100 = + 3.2 
'g) Adjusted sand-aggregate ratio = 45.3 percent (total = 41.0 + 1.1 + 3.2) 
9. Cement content: 
Water after vacuum, 6(c), divided by W/C, 5(a), = cement factor in lb. 
(a) 273/0.73 = 374 |b 
(b) or say, 376 lb (4 sacks) 
10. Absolute volumes: 
(a) Cement: 376 / 196.56 lb per cu ft = 1.91 cuft 
(b) Water: 273 / 62.4 lb per cu ft 4.38 cu ft 
(c) Air: (assume 1 percent) 27 X 0.01 = 0.27 cu ft 
(d) Total paste = 6.56 cu ft 
(e) Aggregate volume = 27.00 — 10(d) 20.44 cu ft 
(f) Sand = 10(e) X sand-aggregate ratio, z.e., 20.44 * 0.453 9.26 cu ft 
(g) Difference, 10(e) — 10(f) = coarse aggregate 11.18 cu ft 


. Batch weights, before and after vacuum processing: 





Unit weight multiplier 


Cement, Ib | See 9(b) 
Water, Ib 


Before vacuum | After vacuum 





| 
see 9 | 376 (4 sacks) 376 (4 sacks) 
See 7(a) | 314 (37.7 gal.) 
| 


de | 273 (32.8 gal.) 
1538 1538 
1862 


See 6(c) 
Sand, lb See 10(f) X 166.0 (lb per cu ft) 
l-in. gravel, lb See 10(g) X 166.6 (lb per cu ft) 





27 .66 


Total absolute volume per batch, cu ft 





Total weight per batch, Ib ~~ 4090 





Fresh unit weight of concrete, lb 


Weight of one test cylinder, 6 X 12 in., 











DISCUSSION OF DESIGN 


In working out the design example, consideration was given to a more 
conservative approach, using a vacuum strength requirement at 28 days. 
Such a mix design, after allowing for a variation of 15 percent, would call 
for a 28-day vacuum strength of 3450 psi. This in turn, from Table 2,* 
ACI 613-44, would require a water-cement ratio of 0.60 by weight. On this 
basis the sand-aggregate ratio would be revised downward somewhat to 43 
percent instead of 45 percent, and, with zero slump, 273 lb of water would 
be required as before. This figure divided by the indicated water-cement 
ratio of 0.60 indicates a cement factor of 455 lb per cu yd or 4.84 sacks of 
cement per cu yd of concrete. Inasmuch as the actual strength, with cement 
contents between 4.5 and 4.7 sacks per cu yd over an extended period of 
time, averaged 4800 psi in 28 days, it is believed that the proposed method 
based on the strength of three-day vacuum concrete as 98 percent of un- 
processed concrete at 28 days is more than sufficiently conservative. 

Something might be said here about the relationship between cylinder 
strength and the probable strength of the concrete as placed. The bottom of 


*Committee 613, ‘‘Recommended Practice for the Design of Concrete Mixes,’”’ ACI Journat, June 1945, 
Proc. V. 41, p. 654. 
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the 6-in. slab showed a water-cement ratio increase of 0.05 with respect to 
the corresponding test cylinders and represents a drop of perhaps 500 psi, 
so that a field strength of 4300 psi is still substantially above a 3000-psi 
requirement. It should be noted that mix No. 16 (Table 5), made at the 
laboratory and containing only 34 sacks of cement per cu yd of concrete, 
developed a 28-day strength of 4360 psi with a 7-day strength of 3240 psi 
after vacuum processing. In the Chicago area 36 gal. water per cu yd of 
concrete is seldom required to produce a 3-in. slump, and it is possible to get 
the water content of a vacuum concrete down to as low as 220 lb per cu yd. 

Laboratory tests point in the same direction, and suggest that where early 
stripping of forms is not of prime importance, so that a strength lower than 
2000 psi in three days is adequate, a cement factor as low as 3!% sacks of 
cement per cu yd of eoncrete should be sufficient to obtain a 3000-psi concrete. 


CONCLUSIONS 


From the inquiry and field observations summarized in this paper, a method 
of design for concrete mixes has been proposed which protects the yield of 
the concrete after application of vacuum to remove excess water. Where 
vacuum concrete can be used, it is suggested that the cement content needed 
for a given design strength might well start at about three sacks of cement 
per cu yd of concrete to produce 2000-psi concrete, rising to 414 sacks of cement 
for 5000-psi concrete. Experience in the field indicates that where three-day 
strength must be at least 2000 psi, cement should not be reduced below a 
minimum of 4 sacks per cu yd of concrete. 














see 


Reviews" 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Bourget Bridge—Prestressed bow string of 
240-ft span (in French) 


J. Barets and A. Runavp, anaene (Paris), V. 37, 
No. 228, Oct. 1953, pp. 459-466 
Reviewed by M. W. Jackson 
Construction of a 240-ft tied arch bridge 
over a railroad crossing is_ described. 
Suspenders and the horizontal tie beams are 
of prestressed concrete; the arch is of rein- 
forced concrete. The roadway is level with 
the tie beams. It is an unusual bridge of 


concrete. Detailed dimensions are not given. 


Several prestressed concrete bridges in south 
Germany (Verschiedene Spannbetonbruecken 
in Sueddeutschland) 


Fritz LEonNHARDT, Der pouciagenianr (Berlin), V. 28, 
No. 9, Sept. 1953, pp. 316-32: 


biaeoes by Aron L. Mirsky 


article on 
The first, 
the Rosenstein Bridge over the Neckar in 
Stuttgart, is composed of two hollow-box 
ribs in the form of a two-hinged frame 
provided with special abutments (“‘Current 
Reviews,”’ ACI JourNAL, Nov. 1953, p. 262). 
The second, over the Kocher at Kochendorf, 
is a two-track railroad bridge with six con- 
tinuous spans; each track is supported inde- 
pendently (by reason of a longitudinal center 
joint) by a single hollow box-shaped girder, 
the bottom slab of which is slotted for most 
of the span length between supports. The 
third, the Danube Valley Bridge near Ulm, 


and informative 
three recent prestressed bridges. 


Interesting 


is composed of two T-shaped girders, the 
roadway slab forming the flange and the 
webs being relatively thin and deep, 
continuous over five spans (see also Engineer- 
ing News-Record, V. 151, No. 10, Sept. 3, 
1953, pp. 43, 45-47). Each bridge represents 
a fresh approach and an ingenious solution; 
each deserves concentrated study. 


Medium span portal frame reinforced concrete 
bridges in Singapore 

T. KarMAKAr, Structural Engineer (London), V. 31, 
No. 12, Dec. 1953, pp. 351-353 


Reviewed by M. W. Jackson 


Describes typical design of rigid frame 
roadway bridges with 30- to 50-ft spans; 
several of these were constructed in Singapore, 
from 1934 to 1939. The ends of the frame 
were inclined outward to introduce a large 
eccentricity from the abutment, thereby 
increasing the negative moment at the 
corners and decreasing the positive midspan 
moment. fastened 
was used 


A reinforced concrete tie, 
by a hinge joint to the frame, 
between abutments. 


Elevated concrete footbridge 
W. Scorr WIson, 


Surveyor (London), V. 112, No. 
3214, Oct. 10, 


1953, pp. 6388-689 


Reviewed by M. W. Jackson 


Detailed design calculations for a concrete 
footbridge to carry pedestrian traffic over a 
22-ft roadway with a clear height of 16 ft. 
Bridge is 8 ft wide, and decking and stairs 
are composed of precast concrete units. 


*A part of copyrighted JouRNAL oF THE AMERICAN ConcreTE Institute, V. 25, No. 8, Apr. 1954, Proceedings 


V. 50. Address 18263 W. MeNichols Rd., 
the book or article reviewed is in English. 


Detroit 19, Mich. 
'If it is followed by a foreign title the work reviewed is in that language. 


Where the E nglish title only is given in a review, 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


origina! article is indicated in parenthesis following the English title. 


available through ACI. 


Available addresses of publishers are listed in the June ‘‘Current Reviews’ 
In most cases ACI can furnish addresses of publications added later. 


Copies of artic les or books rev iewed are not 
* each year. 
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Design 


Graphical construction for the deflection of 
structural members of variable moment of 
inertia 
Antuony Hoaptey, Proceedings, ASCE, Separate 
No. 256, V. 79, Aug. 1953, 13 pp., $0.50 

AUTHOR’s SUMMARY 

A method is developed by which the de- 
flections of all points on a curved beam of 
variable moment of inertia can be found from 
the bending moment curve for the loading 
under consideration. The method is anala- 
gous to the Williot-Mohr construction for 
finding the deflection of trusses. In the truss 
relative joint deflections are found due to 
change in length of truss members. Here the 
relative motions of points along the neutral 
axis are found from the bending stress in each 
segment of the beam. 

The resulting diagram gives 
both z and y components for all points along 
the structural member. The construction 
of the deflection diagram can be extended 
to include the effect of direct stress if that 
is large enough to be of importance. 


deflection 


Some new elements in the calculation of flat 
slab floors 
C. G. J. VreepensurGH and O. STokMan, Anni- 
versary Volume Applied Mechanics, N. V. De Tech- 
nische Uitgeverij H. Stam, Antwerp, 1953, pp. 253-281 
AppLiepD MecuHanics REVIEWS 
Sept. 1953 (Heyman) 
Discusses determination of bending mo- 
ments in flat slab floors. Method consists 
of replacing supporting column by a fictitious 
clamping circle of radius R. The usual 
biharmonic equation is first solved for the 
slab, and the values of slope and radial 
moment evaluated round the origin (center 
of column) as a function of the clamping 
radius R. Both slope and moment vary 
almost linearly with R, and authors propose 
that this approximation be made. The 
column head is then analyzed, also in terms 
of a clamping radius, and the two solutions 
matched to give the combined action of slab 
and column. Use of R simplifies numerical 
work, and authors give detailed results for 
column heads of both hyperboloid and 
conical form. Results are well supported 
by tests on steel model. Authors consider 
advantages of fictitious clamping circle such 
that this should be basis of calculations and 
building code requirements for such slab 
floors. 


April 1954 


Yield point and ultimate load in reinforced 
and prestressed concrete under torsion (Die 
Riss- uv. Bruchlast des auf reine Verdrehung 
beanspruchten Stahl-und Spannbetons) 
K. ScHADEN, Oesterreichische Bauzeitschrift (Vienna), 
V. 8, No. 6, June 1953, pp. 21-27, and No. 7, July 
1953, pp. 29-35 
Reviewed by Rupotres Fiscui 

The behavior of reinforced concrete stressed 
by torsion is studied in the plastic range. 
Conditions leading to ultimate strength and 
further to failure are analyzed by applying 
the stress-strain relations to the torsional de- 
formations. Influence of longitudinal, spiral, 
and prestressed reinforcement is examined. 
Theoretical results are compared with test 
results and show a maximum deviation of 
7 percent. 


Theory of torsion applied to reinforced concrete 
design 
Henry J. Cowan, Civil Engineering and Public 
Works Review (London), V. 48, No. 567 and 568, 
Sept. and Oct., 1953, pp. 827-829, 950-952 

Reviewed by James MICHALOS 


Approximate method, based on St. Venant’s 


theory, is presented for determining the 


torsional resistance of reinforced concrete 
Method is justified on basis that 
only a small proportion of the total cross 


section 


members. 


consists of steel. The reinforcing 
bars are considered replaced by areas of 
concentrated at the bar centers, 
equal to the product of the steel area and the 
ratio of the shear moduli of steel and con- 


crete. 


concrete, 


Torsional resistance of the section is 
obtained as the sum of the separate resistance 
moments of the concrete, the longitudinal 
reinforcement, and the shear reinforcement. 


Use of deformed steel bars in reinforced 
concrete 
Structural Engineer 


1953, pp. 222-225 


(London), V. 31, No. 8, Aug. 


Reviewed by M. W. JAckson 


A suggested building code provision is 
presented for use of deformed bars in rein- 
forced Great Britain, ‘“‘it 
should be emphasized that there has been 
little experience in the use of deformed bars, 
other than cold twisted bars...and that it 
has been necessary to rely on knowledge 
gained in other countries.” One appendix 
reprints ASTM Designation A305-50T with 
additional bar numbers 21%, 3%, and 4%, 
corresponding to bar sizes used in Great 
Britain. 


concrete. In 





CURRENT REVIEWS 


Calculating a concrete core wall 
B. Lorguist, Transactions, Fourth Congress, Inter- 
national Committee on Large Dams, New Delhi, 
Jan, 1951, V. 1,"pp. 111-133 
ApPLIED MEcHANICS REVIEWS 
Sept. 1953 (Geyer) 
Methods of calculating stresses and de- 
flections are given that check closely with 
measured deflections of core walls in Swedish 
dams. Stresses examined are due to: (1) 
primary bending due to horizontal water load 
for various connections of wall to foundation; 
(2) secondary bending due to irregularities 
in fill and its settlement; (3) vertical com- 
pression due to friction of fill during settle- 
ment; and (4) shrinkage and temperature. 
A thin core wall is advantageous with widely 
distributed irregularities in fill, whereas a 
thick wall possesses greater capacity for with- 
standing more concentrated irregularities. 
The vertical pressure is decisive as to thick- 
ness in large dams. A simple method is 
given for calculating the reinforcement 
necessary to prevent the formation of large 
individual cracks. This paper is a significant 
contribution to an important and difficult 
problem. 


Stress-deformations. Shear does not exist 


(in French) 
R. VAuuietre, Travaux (Paris), V. 37, No. 221, Mar. 
1953, p. 216 
Reviewed by M. W. Jackson 
The theory that shear does not exist, and 
that all stresses are simple tension and com- 
pression is presented and discussed. The 
view is similar to that presented in T'ran- 
sactions, ASCE, 1944, p. 491 et seq. 


Derivation of maximum stanchion moments in 
multistory frames by means of nomographs 
R. H. Woop, Structural Engineer (London), V. 31, 


No, 11, Nov. 1953, pp. 316-328 
Reviewed by M. W. Jackson 
A type of nomograph originally devised 
for solution of beam moments in rigid frames 
has been extended to the determination of 
column moments and developed to include 
the effects of instability. The nomographs 
can be used to demonstrate buckling, and 
‘an be extended to include continuous 
columns. Eight nomographs are published 
here, and additional possibilities are pointed 
out. The work described is part of the 
program of the British Building Research 
Board. 


Materials 


Thermal conductivity of refractory insulating 
concrete 
W. C. Hansen and A. F. Livovicu, Journal of the 
American Ceramic Society, V. 36, No. 11, Nov. 1953, 
pp. 356-362 

Data on thermal conductivities and unit 
weights of 17 refractory insulating Lumnite 
cement concretes determined at 500 to 2000 
F. Thermal conductivities of all the con- 
cretes increased with temperature. Aggre- 
gates used were vermiculite, perlite, pumice, 
calcined diatomaceous earth, and expanded 
shale. 


Most rational 
rationnel) 


F. Ferrari, Revue des Materiaux de Construction 
(Paris), No. 458, Nov. 1953, pp. 321-324 
Reviewed by Purturpe L. MELVILLE 


cement (Le ciment le plus 


According to Professor Ferrari, the most 
rational intimate 
mixture of low C3A, high C2S, pozzolana, 
and CaSO, and is called Ferrari cement. 
To obtain good water tightness, the pozzo- 
lanic matters should be carefully selected 
as a mixture of active and inert materials. 
They should neutralize Ca and also have 
adhesive properties. Use of air-dried colloidal 
montmorillonite or amorphous silica is said to 
result in good pozzolanic activity. Thirteen 
references are given. 


cement should be an 


Economy in the use of structural materials 
G. A. Garpner, R. Morton, and L. B. Creasy, 
Structural Engineer (London), V. 31, No. 9, Sept. 
1953, pp. 233-252 

Reviewed by M. W. Jackson 


Each author has written a separate section: 


“Maritime 
Creasy, “Comparative 
Construction.” Discussion by 
many engineers covers nine pages. 

In many countries economy of materials 
is much more critical than in the United 
States. These articles expound and illustrate 
some of the matter on economic use of build- 
ing materials issued by the Ministry of Works 
and Service Departments (Great Britain). 
Many details of engineering design and 
construction planning for both reinforced 
concrete and structural steel are included. 
Relative costs in the United States will vary, 
but there are many ideas which may save 
a client money if the engineer uses them. 


Gardner, Morton, 
Structures;” 


Forms of 


“General;” 
and 
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Precast concrete 


Assembly-line _precasting, 
10,000 sq ft of factory daily 
R. C. Hruron and B. Covunison, Engineering News- 
Record, V. !"%, No. 24, Dec. 10, 1953, pp. 40-41 
Reviewed by 8. J. CHAMBERLIN 


erection yield 


Structural units were cast, stored, and 
delivered in order of erection so ‘hat only 
eight men and a crane were needed to erect 
the one-story, 64,000-sq ft factory. Precast 
15-ft columns had metal base plates welded 
to reinforcement for direct placement on an- 
chor bolts. The 40-ft girders were post-ten- 
sioned and bolted to column tops with steel 
ties. Roof deck slabs, 20 x 2 ft wide with 
9-in. deep flanges, were erected in pairs. All 
of the precast structural elements were made 
with lightweight, expanded-shale aggregate. 
Utility and sprinkler lines were anchored to 
the concrete with a cartridge-activated tool 
to eliminate inserts during casting. 


What owners, lenders, and builders should know 
about concrete masonry 
Wituram M. Avery, Pit and Quarry, V. 46, No. 3, 
Sept. 1953, pp. 220-224 
Reviewed by M. W. Jackson 

Second of a series (see “Current Reviews,” 
ACI Journat, Dec. 1953, p. 337). Part 2 
is devoted to concrete homes, their ap- 
pearance, strength, durability, fire resistance, 
insulation value, and economical consider- 
ations. The series is a thorough, non- 
technical survey of the manufacture and use 
of concrete masonry. 


Precast arches—Crossed tie rods permit pre- 
fabrication of 50-ft 


Architectural Forum, V. 
140-141 


99, No. 1, July 1953, pp. 


Reviewed by M. W. Jackson 


Method of construction described for pre- 
cast arches with 50- to 100-ft spans. Arches 
are cast in vertical position in gang forms, 
and each arch has two tie rods in the plane 
of the arch, crossed, from one end to the 
quarter-point, on the opposite side. 

A 40-ft tied arch weighed 2860 lb, with 
300 lb of reinforcement and 1-in. crossed tie 
rods. Loaded with 260 lb per lin ft, there 
was no measurable deflection at the crown 
and only a 7¢-in. spread at the supports. 
Two warehouses built with these arches in 
Harlingen, Texas, cost $3.16 per sq ft (ex- 
cluding mechanical and electrical work). 
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Fundamentals of making high quality concrete 
masonry units 
Cepric Wituiams, Pit and Quarry, V. 46, No. 5, 
Nov. 1953, pp. 205-209 
Reviewed by M. W. Jackson 

Describes four fundamentals of concrete 
block manufacture: (1) efficient use of ag- 
gregate to produce high quality concrete, (2) 
proper adjustment and maintenance of the 
block-making machine, (3) adequate curing 
cycle, and (4) effective control. 


Successful precast step business 
Lowe. Roserts, Rock Products, V. 56, No. 6, June 


1953, p. 202 
Plant procedures in making precast con- 
crete steps and porches. 


Application of precast concrete to the con- 
struction of Acton Lane ‘B"’ power station 
Joun A. Derrineton and Artuur G. S. LANcE, 
Proceedings, Institution of Civil Engineers (London), 
Part III, V. 2, No. 2, Aug., 1953, pp. 197-235 (includ- 
ing oral discussion), pp. 340-342 (written discussion) 
Reviewed by Aron L. Mirsky 
Structure, in northwest London, was 
originally designed in structural steel, but 
due to delays in delivery, precast concrete 
was substituted with considerable savings 
claimed in cost, in time (contract period was 
only 36 weeks), and in steel. (a two-thirds 
saving). Notable is weight of precast mem- 
bers (up to 33 tons). Paper describes, at 
some length, the design of the members, 
layout of the casting yard, and the erection 
procedure. Of interest is the choice of 
steam derricks on the basis of smoother 
operation, accurate “inching” (both casting 
and setting were 
dependability. 


close tolerances), and 


Precast concrete frame building; new workshops 
at Silverton 
Surveyor (London), V. 112, No. 3201, July 11, 1953, 
p. 475 
Reviewed by M. W. Jackson 

Construction of building in London with 
the Lambda system, using 13 precast rein- 
forced concrete rigid frames, 25 ft on centers 
and with an 80 ft clear span. The Lambda 
system consists of concrete rigid frames with 
special joints in contraflexure zones. In 
this building, joints were used part way up 
each rafter, resulting in three units which 
were cast on the floor and erected to form 
the completed frame. 





CURRENT REVIEWS 


Prestressed concrete 


Three-story prestressed building is U. S.'s 
tallest 
F. W. Witcox, Engineering News-Record, V. 151, 
No. 22, Nov. 26, 1953, pp. 31-35 
Reviewed by S. J. CHAMBERLIN 

Three rows of precast columns extending 
from basement to the third floor support 
prestressed, precast beams spanning 30) ft. 
Cellular steel decking spans the 16 ft between 
beams. Most of the 12-ton columns were 
seated in open-box concrete foundations 
which were filled with grout after final 
adjustment. Connections were made with 
steel angles bolted to columns and bolted or 
welded to steel plates on the beams. Each 
of the three 1)%-in. bars in a typical beam 
were post-tensioned to 100,000 Ib. After 
the threaded ends were anchored the flexible 
tubing around the bars was grouted. Seven 
sacks of Type I cement and 36 gal. of water 
per cu yd gave a strength of 4000 psi at 
7 days. 


Prestressed concrete roads 
W. P. AnpreEws, Technical Bulletin No. 198, American 


Road Builders’ 'Assn., pp. 9-23 

Describes and illustrates British experi- 
ments in prestressed concrete highway 
pavements. 


Note concerning prestressed concrete girders 
for roof constructions of industrial buildings 
(in French) 


J. M. Pappaert end M. TEMMERMAN, Annales des 
Travaux Publics de Belgique (Brussels), V. 105, No. 5, 
Oct. 1952, pp. 707-721 
Appirep Mecnanics Reviews 
Nov. 1953 (Moorman) 

Data are given on design and construction 
of prestressed precast concrete roof members 
for a particular job. Results of vertical 
displacement measurements during prestress- 
ing are presented. 


Prestressed concrete 
Y. Guyon, John Wiley and Sons, Inc., New York, 
N. Y., and Contractors Record Ltd., London, 
England, 1953, 543 pp., $12 

An English-language edition of the well- 
known Beton Precontraint published in 1951 
(see “Current Reviews,” ACI JourRNAL, Mar. 
1952, Proc. V. 48, p. 607). It is a free 
translation with only minor changes and 
additions, and worked examples have been 
recast using British dimensions; test results 


693 


have been treated similarly except where 
actual quantities are immaterial. 

The book, restricted to statically determi- 
nate straight beams, is divided into three 
major sections: (1) general considerations, 
(2) elastic design of simply-supported beams, 
and (3) tests on simply-supported beams. 

In addition to basic fundamentals, the 
first section covers methods and materials, 
friction between cable and duct, and fire 
resistance. Three chapters are devoted to 
anchorage problems, including anchorage 
zone stresses in post-tensioned and pre- 
tensioned beams, and anchorage by bond. 

The second section is devoted to the elastic 
theory as applied to prestressed members. 
Discussed are beams of constant moment of 
inertia and uniform cable cross section, beams 
of constant cross section with pre-tensioned 
parallel wires, beams of constant cross section 
with stopped raised cables, and beams of 

variable moment of inertia. 

The third section deals with the problems 
of safety, plasticity, and a general review of 
the various tests and studies made on pre- 
stressed beams. Conclusions already drawn 
from test results are summarized and the 
need for continuing research is indicated. 
The importance of testing is given major 
emphasis. Factors of safety and elasto- 
plastic design are discussed, with the warning 
that although elasto-plastic analysis offers 
economy in structural shapes, the method 
should be used with caution. 


Dywidag ‘egpowerte of prestressing. 


pli- 
cation to the construction of bridges at asl 
and Karlstadt by corbelling (in French) 


Y. Sariiarp, Travaux (Paris), V. 37, No. 223, May 
1953, pp. 297-303 


Reviewed by M. W. Jackson 


Describes in 
Dyckerhoff 


Germany. 


detail procedure 

and Widman of Munich, 
Reinforcement consists of bars 
approximately 1 in. in diameter, with special 
end connections for prestressing and cou- 
plings for extending the length of the bars. 
The most spectacular application consists of 
prestressed concrete bridges built a small 
section at a time by cantilevering from the 
preceding section. Construction of a three- 
span bridge by this method at Worms, with 
each span over 300 ft, is described. Other 
projects are briefly discussed, including 
reservoirs and buildings. 


used by 
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Determination of air voids in concrete 
Curtis WARREN, Bulletin No. 70, Highway Research 


Board, pp. 1-10 

Describes a method for determining the 
characteristics of the entrained air voids in 
concrete. A section of concrete is cut and 
polished to expose the voids which are 
filled with fluorescent material and photo- 
graphed under ultraviolet light. From size 
distribution and number of voids on the 
photograph, statistical equations are applied 
to determine true properties of the voids. 


Curing temperature, age, and strength of con- 
crete (Lagringstemperatur, ingringstid och be- 
tonghallfasthet) 


Sven G. Berastrom, Bulletin No. 27, Swedish Cement 
and Concrete Research Institute, Stockholm, 1953 
AvTHOR’s SUMMARY 
Effects of curing temperature and age on 
the strength of concrete can be expressed in 
terms of a single parameter given by the 
product of age and temperature, as has been 
suggested by Saul. In this parameter, the 
temperature is reckoned from —10 C, 
which seems to be a reasonable value of the 


lowest temperature at which any appreciable 


increase in strength can take place. In the 
present paper, the correctness of this assump- 
tion is verified by means of check calculations 
made on previously known test series and 
on some new Swedish tests. It is to be 
noted that special precautions must be 
taken to protect the concrete from freezing 
during the initial period after placement, 
and that the humidity of the ambient air 
must be taken into account. Moreover, 
the deterioration of concrete subjected to 
repeated freezing and thawing must be 
studied as a separate problem. 


Winter concreting (Talvibetonoini) 


Arvo NYKANEN, State Institute for 


Technical 
Research, Helsinski, Finland, 45 pp. 


Discusses conditions which require winter 
concreting in Finland, gives winter temper- 
ature records, and describes equipment and 
techniques for successful work at reduced 
temperatures. Typical protection measures 
are heating aggregates, insulating mats, 
enclosures, salamanders and heaters, and 
incorporation of calcium chloride in the 
concrete mix. 
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Properties of mass concrete made with combi- 
nations of portland-pozzolan cement, as used 
by the Bureau of Reclamation 
R. F. Buanxs, H. 8. Merssner, and W. A. Corpon, 
Transactions, Fourth Congress, International Com- 
mittee on Large Dams, New Delhi, Jan. 1951, V. 3, 
pp. 199-214 
Apptiep Mecuanics Revinws 
Aug. 1953 
Portland ash pozzolan cement will produce 
favorable characteristics in concrete for mass 
construction. These include low temperature 
rise and slow rates of heat generation, high 
tensile strength and resistance to cracking, 
satisfactory compressive strengths which at 
late ages compare to similar concrete made 
with straight portland cement, good resist- 
ance to dissolution by percolating water, and 
high impermeability. Many pozzolans have 
been found to reduce expansion often re- 
sulting from reaction between aggregate and 
cement high in alkalies. Concrete containing 
pozzolan possesses outstanding workability 
and is remarkably free of bleeding or water 
gain; this is particularly true of 
pozzolan. 


fly-ash 


Is the slump cone on its way out? 
E. L. Howarp and J. W. Ketiy, Western Construction, 


V. 28, No. 7, July 1953, pp. 81-82 

Gives data comparing slump cone and 
Kelly ball as tools for concrete consistency 
control. Authors found ball test more flexible 
and more sensitive to changes in consistency 


Bearing capacity of concrete and rock 
G. G. Meyernor, Magazine of Concrete Research 


(London), No. 12, Apr. 1953, pp. 107-116 
AvTHOR’s SUMMARY 
Results of published work relating to 
triaxial compression tests on concrete and 
rock are briefly analyzed to determine the 
principal strength characteristics which 
govern the bearing capacity of block sub- 
jected to concentrated loads and of foun- 
dations of concrete and rock. A simple 
method of estimating the bearing capacity 
of footings on block of various sizes is 
suggested, and is checked by the results of 
previous model tests. To obtain ‘further 
information, especially for large blocks a 
series of loading tests has been made on mass 
and reinforced concrete block. Observed 
bearing capacity, mechanism and extent of 
failure are analyzed and found to be in fair 
agreement with theoretical estimates. 





CURRENT REVIEWS 


Structures 


Construction of culvert for the Bievre River and 
use of vacuum concrete (Travaux de mise en 
galerie de la Bievre—Description des procedes 
vacuum concrete) 


R. Paour, M. Meys, and I. Leviant, Annales de 
L’ Institut Technique du Batiment et des Travaux 
Publics (Paris), No. 69, Sept. 1953 


Reviewed by Puiture L. Metvitue 


Because of unsanitary conditions the Bievre 
River near Paris is being channelized and 
covered by sections. On the latest project, 
the invert is semicircular made of 
on wood 
The vault is cast parabolic with 
vacuunt concrete and movable forms riding 
on rails 


and 
standard reinforced concrete cast 
forms. 


Advantages of the vacuum con- 
crete process are explained and discussed 
in detail. 


Navy standardizes jet hangar designs 
Engineering News-Record, V. 151, No. 20, Nov. 12, 
1953, pp. 39-42 
Reviewed by 8S. J. CHAMBERLIN 

Arches and roofs of the 150-ft span hangars 
can be either concrete or steel. The para- 
bolic, hollow concrete arches are 3 ft deep, 
114 ft wide, and have a rise of 2914 ft from 
abutment to midspan. Maximum rein- 
forcement is ten 1'%-in. square bars at the 
top and ten square 
bottom. Constructed as three-hinged units 
until 30 days after full dead load is on them, 
they are converted to fixed arches by welding 
the steel together and encasing the three 
joints in concrete. The half-arches have 
been cast in both a vertical position and in a 
horizontal position, the latter method calling 
for ticklish hoisting to rotate the half-arch 
to erection position. 


14-in. bars at the 


Unusual foundation in construction of city 
building 

Commonwealth Engineer (Melbourne), V. 40, No. 11 
June 1953, pp. 462, 463 


Four subway tunnels below the site of a 
bank building imposed unusual problems in 
planning and constructing its foundations. 
Because of limited available area and the 
necessity for avoiding interruptions to rail- 
way traffic, sections of the tunnel walls were 
removed and replaced with reinforced con- 
crete columns whose lesser dimensions were 
limited to the thickness of walls between 
adjacent tunnels. 
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Reconstruction of the NRX reactor at Chalk 
River 
J. L. Gray, Engineering Journal (Montreal), V. 36, 
No. 10, Oct. 1953, pp. 1269-1277 
Reviewed by. Aron L. Mirsky 
Dismantling and reconstruction of the 
NRX nuclear reactor at Chalk River, Ont., 
Canada, which suffered a surge on 
Dec. 12, 1952, is this well- 
illustrated article, which, in addition to its 
topical interest, is of 


power 
described in 
especial importance 
to concrete men because on p. 1277 there 
are outlined the methods used for 
taminating concrete surfaces. 


decon- 


Walls — Floors — Roofs (Waende—Decken— 
Daecher) 


H. Water, Die Bauzeitung (Stuttgart), V. 58, No. 7, 
July 1953, pp. 227-232 

Reviewed by Aron L. Mirsky 

Briefly 

in German residential construction. 

items 


summarizes year’s developments 
Among 
and 
units for walls; hollow core floors formed of 


described are mortars masonry 


precast steel-concrete joists and _ hollow 


filler block tied 


with job placed concrete; and roofs of pre- 


pumice-concrete together 
cast hollow block which require reinforced 
concrete trusses only for larger spans or 
flatter slopes. 


Repair and protection of a reinforced concrete 
inverted siphon, damaged by aggressive water, 
under the branch canal below Osnabrueck 
(Instandsetzung und Sicherung eines durch 
aggressive Waesser beschaedigten Stahlibeton- 
duekers unter dem Zweigkanal nach Osna- 
brueck) 

OrtWwIn Sevtine, Der Bauingenieur (Berlin), V. 28, 
No. 8, Aug. 1953, pp. 281-283 

Reviewed by Aron L. Mirsky 


Damage, unrepaired during the war years, 
1952 that the 
concrete in the inverted siphon was almost 
completely disintegrated 
danger of collapse. 


had progressed so far by 


and there 
Various methods of 
repair were considered but, discarded for one 
reason or another; the method finally adopted 
consisted of constructing a pipe 
glazed clay pipe the siphon tube. 
The pipe had plain ends; joints were pro- 
tected by steel bands tightened with special 
bolts. The annular space between pipe and 
siphon tube was then filled with concrete, 
and the job was completed in good time 
despite difficult working conditions. 


was 


line of 
inside 











696 


Shop-built traveling form speeds sewer job 
J. R. Owen, Engineering News-Record, VY. 151, No. 21, 
Nov. 19, 1953, pp. 50-54 
Reviewed by S. J. CHAMBERLIN 

Built from old rectangular steel form panels, 
curved panels, and an assortment of struc- 
tural shapes, the sectional traveling form has 
trench contact only through steel rails that 
bear the weight of both inside and outside 
sections. With five sections bolted together, 
the outside form is a free-traveling 100-ft 
rectangular framework, tied across the top 
with heavy steel beams. A heavy wide- 
flange section is centered on the cross members 
to form an axial monorail for supporting the 
inside form of horseshoe section. A tractor 
tows the outside form ahead for a new place- 
ment, and then hooks onto the inside form, 
which is cradled in the previously laid 
section of sewer, and pulls it into place. 
The inside form is supported by trolleys on 
the monorai: is it enters the outside form. 


Four-step construction of warehouses 
Tre Brown, Construction Methods and Equipment, 
V. 35, No. 8, Aug. 1953, pp. 55-61 
Reviewed by M. W. Jackson 

Describes construction of 49 ammunition 
warehouses in Shumaker, Ark., each 200 
x 50 ft. Frame members, and wall and roof 
panels were precast; loading docks and 
floors, were cast in place. Rigid frames with 
46-ft clear spans were cast in three pieces. 


Structural observations of the Kern County 
earthquake 
Henry J. DeGenKo.s, Proceedings, — Separate 


No. 244, V. 79, Aug. 1953, 36 pp., $0.50 

From observation of damage to structures 
from the July 21, 1952, earthquake, author 
reaches a number of interesting conclusions: 
(1) for earthquake resistant structures, the 
prime requisite is to provide adequate engi- 
neering services both in design and in field 
supervision; (2) components of a structure 
must be tied together so that they will act 
as a unit; (3) varying earthquake coefficients 
suited to the particular structure are better 
than blanket requirements; (4) rigid bracing 
systems are essential if expensive finishes or 
rigid interior partitions are to be protected; 
and (5) earthquake design problems do not 
lend themselves to “handbook” solution but 
must have the benefit of the engineer’s 
experience and judgment. 
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Cycle tracks with concrete tiles (Cyklestier med 
flisebelaegning) 
N. L. Dam, Beton-Teknik (Copenhagen), V. 19, No. 


2, July 1953, pp. 109-117 

Describes construction of sidewalks in 
Denmark made of concrete tiles. Appearance 
and esthetic value as well as cost compared 
to cast-in-place concrete are considered. 


’ For the service intended such walks are 


apparently satisfactory. 


Unplastered concrete surfaces (Pudsfri beton) 
Knup C. E. Nreutsen, Beton-Teknik (Capenhagen). 


V. 19, No. 2, July 1953, pp. 118-134 

A number of types of forms were studied 
which offered possibilities for smooth surfaces 
not requiring plaster. Prefabricated units 
faced with oil-tempered board permitted up 
to ten re-uses. Greater accuracy in forms 
and in mixing, handling, and placing concrete 
were necessary requisites for good smooth 
surfaces. 


Grouting (Les injections de ciment) 


G. Vie, Revue des Materiaux de Construction (Paris), 
No. 452, May 1953, pp. 162-164 


Reviewed by Puaruuie L. MELVILLE 


Grouting has become a common con- 
struction procedure in France in recent years. 
The basis of grout is cement but to reduce 
costs, large amounts of inert materials are 
added, and if waterproofing more than 
consolidation is desired, cement may be 
replaced by clay or bentonite. For water- 
tightness, bituminous products are used; if 
fast sealing is desired CaCl, may be added 
to portland cement, or high alumina cements 
should be used. The author goes on to give 
instructions for grouting and concludes with 
a few examples for dam construction. 


Power-driven concrete cart 
A. F. Garuincnouse, Western Construction, V. 28, 


No. 12, Dec. 1953, pp. 60-62 
Reviewed by M. W. Jackson 
Power driven buggies developed in 1946 
have become increasingly popular for placing 
concrete. Job requirements and planning 
differ from those for manual buggies. Savings 
of about 33 percent in cost of transporting 
and placing are possible on some jobs using 
power buggies. Over-all savings may come 
to 50 percent. 





Title No. 50-43 


Combined Form and Reinforcement for Concrete 
Slabs* 


By BENGT F. FRIBERG? 


SYNOPSIS 


One-way concrete slab construction, designated as “‘re-form,’’ is described, 
in which high-strength galvanized corrugated steel is both form and reinforce- 
ment for the concrete, and in which temperature reinforcement, welded to the 
corrugated steel, performs shear transfer. Structural tests are described and 
analyzed. Suggestions are given for moment distribution in slabs cracked over 
the supports in continuous spans. Long-time deflections of thin slabs are 
appraised. Design procedures and applications for re-form construction are 
indicated. 


ECONOMIC LIMITS AND MATERIAL USE 
Economy of concrete slabs 
Wood forming is a major part of the cost of cast-in-place concrete floor 
construction. A 4-in. structural concrete slab represents a material cost 


< 


in place of about $0.50 per sq ft, exclusive of finishing, but to that cost must 
be added a forming cost, which brings the total net cost to more than $1 
per sq ft. The economic advantage of eliminating all or part of the forming 
cost is obvious. 


Use of a form which remains in place and serves as positive reinforcement 
for the slab, and possibly also as the ceiling surface, furnishes a direct solution 
of that problem. The abbreviation ‘‘re-form’’ will be used to designate this 
construction, to differentiate from slabs reinforced with reinforcing bars (‘‘re- 
bar’ slabs) and constructed with removable forms. 


For short spans and light construction, solid formed-steel re-forms have 
been used to some extent during the last 50 years, generally with the re-form 
supported only at its ends for construction loads as well as for the completed 
slab. However, construction loads are often as severe, in concentration 
if not in distribution, as floor live loads. Re-forms serving in flexure during 
construction, therefore, would weigh about as much as a steel floor for the 
same span. For normal slab spans they would be much heavier than usual 
slab reinforcement. Such excessive steel is avoided if normal slab spans 
are divided by temporary supports into two or three shorter construction 
spans. Upon removal of temporary supports, the re-form acts as slab rein- 
~ *Presented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-43 is a part 
of copyrighted JOURNAL OF THE AMERICAN ConcRETE INstiTruTE, V. 25, No. 9, May 1954, Proceedings V. 50. 
Separate prints are available at 50 cents each. Discussion (copies in tiplloste) "should reach the Institute not 


later than Sept. 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 
+Member American Concrete Institute, Consulting Engineer, St. Louis, Mo. 
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LIVE LOAD 100 PSF. LIVE LOAD 200 AND 300 PSF. Fig, 1—Com tive net costs of 

T concrete slab and joist floors. 

Economic cost limit for re-form 

slab in direct plastered con- 

struction is indicated, based on 

$0.50 per sq ft ceiling cost under 
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forcement for dead weight as well as for live loads, in direct comparison with 
conventional slabs fully supported on removable forms. 

Span range of one-way slabs is illustrated in Fig. 1, which gives approximate 
comparative net construction costs for concrete slab and concrete joist floors. 
In exposed construction, or with a suspended ceiling, economical slab range 
is up to 16 ft for light and 14 ft for heavy live loads. Where directly applied 
ceilings suffice, obtained by directly plastering the slabs for about $0.25 


per sq ft as compared to $0.55 per sq ft under joists, slabs may be economical 
for even longer spans. Re-form construction, exposed, would be economically 
comparable to slabs. Cost of a ceiling under re-form slabs would approach the 
cost of ceilings under joists, or about $0.50 per sq ft. For comparison with 
directly plastered slabs, re-form slab net cost would have to be $0.25 per sq 
ft lower than the slab net cost. Such cost restrictions require diligent attention 
to concrete and steel dimensions. 


Concrete slab design and steel weight 

In conventional floor design employing continuous slabs, normally the 
negative moment sections at supports govern for slab depth. Negative steel 
area may approach a balanced-section amount, but less steel is required for 
bottom slab reinforcement as the positive moment is lower. Common slab 
depths and steel weights for normal live loads and slab spans are shown in 
Fig. 2, with separate weights shown for positive and temperature steel. 
For maximum economy, re-form weights should not greatly exceed con- 
ventional bottom steel requirements. Corresponding solid-steel thicknesses 
for the range of positive steel weights are: 





Slab depth, in. 5% 
Positive steel, lb per sq ft 1.3 

Equal solid steel thickness, in. : 0.032 
Steel sheet thickness, gage 21 
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Fig. 2—Normal slab depths and 6 s 
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In re-form, corrugated sheets of the thickness indicated are both form and 
reinforcement for concrete slabs. Temperature steel, conventionally placed 
across and tied to the main steel, is welded across the ridges of the corrugated 
steel to provide mechanical interlock between concrete and re-form for positive 


reinforcement action. In this way, steel weight limits of conventional slab 


design may be approached or met with a combined form and reinforcement. 


FEATURES OF RE-FORM CONSTRUCTION 


Functional parts 

Re-form consists of main positive reinforcement and temperature reinforce- 
ment in the following form. 

Positive reinforcement is high-strength galvanized 24- to 18-gage steel, corrugated to over 
34 in. and generally to 114 in. depth, and 4-in. nominal pitch, furnished in lengths which allow 
bearing on permanent beams, in wide sheets lapped one-half corrugation on the sides. Tensile 
strength of re-form sheet exceeds 80,000 psi. 

Temperature reinforcement is cold-drawn wire, called ‘“T-wires,”’ placed across the corruga- 
tions and welded during manufacture to all ridges. They are spaced at 6 in., maximum, and 
overhang at one side of each sheet to lap 30 diameters with the wires of adjacent sheets. The 
T-wires are assumed to carry all shear as dowels from the concrete through the welds to the 
sheet as reinforcement. 

Table 1 shows common dimensions, properties, and reinforcement areas. 
In the 14% x 4-in. corrugated shape, the high-strength steel has adequate 
form strength for normal slab spans with one or two lines of temporary 
supports. Table 1 indicates over-all slab depths for 3000-psi concrete and re- 
form balanced reinforcement. Re-form slab depths are always measured 


TABLE 1—DIMENSIONS AND PROPERTIES OF 1%-IN. CORRUGATED RE-FORM* 





Re-form slab reinforcement 


Steel Size and properties | 
| P Slab depth, in. 
| | Corru- Moment | Section | (3000-psi concrete) for 
Gage, Thick- | gation o | modulus, | Steel area, balanced design 
No. | ness, in. pitch, in. | inertia, | in. } sqin, - ————_ | —_—_———- 
| | 20,000 psi 25,000 psi 


0.024 
0.030 
0.036 
19 | 0.042 ; 
18 0.048 | 3.65 





i L L — os 


*Moment of inertia, section modulus, and steel area for 12 in. width. 
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TABLE 2—T-WIRE SIZES AND TEMPERATURE REINFORCEMENT 
FOR RE-FORM FLOORS AND ROOFS OF DIFFERENT SLAB DEPTHS 


Temperature reinforcement for 
Wire gage or . re-form slab 
diameter gaara 2 = 


Floors, Roofs, * Lap, 
in. depth | in. depth in. 


4 gage 

3 gage or 14 in. 
1 gage 

0 gage or 5% in. 











*These requirements apply also for floor slabs subject to outside temperature changes. 


to the corrugation valleys, the design depth to the centroid of the corrugated 
sheet. Negative reinforcement in continuous slab construction consists of 
conventional reinforcing bars in the top of the slab over intermediate supports 
with the negative design depth assumed from the centroid of the re-form to 
the negative reinforcement. 

T-wire size is determined to obtain the required percentage of temperature 
reinforcement or usage for concentrated load distribution at a maximum wire 
spacing of 6 in. Common T-wire sizes are shown in Table 2, which indicates 
re-form slab depths in which they provide the usually required amounts of 
temperature reinforcement for floors and roofs. 


Surface protection for re-form 

Hot-dip galvanizing provides economical and effective protection of steel, 
with high scuffing resistance to construction abuse, galvanic protection at 
weld spots and edges, and long life in normal indoor exposure. Exposed 
galvanized re-form is a satisfactory ceiling for many occupancies; if Vinyl- 
primed, the galvanized ceiling surface is ready for immediate painting after 
construction. 
High-strength steel for re-form 

Steel used in re-form is low-carbon copper-bearing open-hearth steel. 
High strength is obtained by controlled cold rolling. The clean, cold-rolled 
bright steel is galvanized and corrugated without pickling.* The high- 
strength sheets are structurally similar to cold-drawn wire for concrete rein- 
forcement. This high-strength steel contains no special alloying elements; 
its low carbon content makes it ideally suited to welded connections. Sub- 
stantial cost advantages can be gained through the combination of high 
strength and relatively thin sections having high resistance to abuse. Cor- 
rugated shapes indicate the degree of forming possible in this high-strength 
steel. Physical properties are shown in Fig. 3, averaged from many tests 
for 18- to 24-gage steel thickness. 
Re-form use 


Re-form construction has been found suitable for usual slab spans for 
both light and heavy loads. Re-form sheets weigh less than conventional 


*Manufacture of this high-strength galvanized corrugated steel was developed and patented by Granite City 
Steel Co., Granite City, Ill 
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Fig. 3—Physical properties of S20, 
high-strength galvanized 18- to 
24-gage steel used for re-form 
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wood sheathing. Holes and openings are formed with sleeves tied to the 
T-wires, and the holes are cut in the sheet after concrete operations are 
completed. Re-form is largely unencumbered by bars, permitting concrete 
placing with a minimum of runway construction. In integral beam-slab 
construction, re-form projects 1 to 1% in. into the beams, so as not to inter- 
fere with beam reinforcement. On steel framing re-form sheets are welded 
to the floor beams, usually as plug welds through washers anchored into the 
slab. Fireproof construction is obtained with directly applied or suspended 
ceilings. However, exposed re-form slabs have been found sufficiently fire 
resistant to qualify for some uses without ceilings. 

A typical re-form construction is shown in Fig. 4. It is a 4-in. slab of 
structural concrete for a 14-ft span, built integrally with the concrete beams, 
and with 14-in. negative reinforcing bars. The re-form is 24-gage steel, 
hot-dip galvanized and Vinyl-primed, with 3-gage T-wires spaced at 6 in. 
in central portions with 41%- and 3-in. spacings near the beams. ‘Two lines 
of temporary supports were used. The project is for light occupancy with 
the painted ceiling surface exposed. 

Re-form slab behavior 

Comparative behavior of a re-form slab with a conventional intermediate- 

grade reinforcing bar (“re-bar’’) slab of identical design, by conventional 
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Fig. 4—Re-form slab construction 
on integral concrete beams, 14-, 
6-, and 14-ff spans, placed on 
two lines of temporary supports 
under 14-ff spans. Top view 
shows concrete placing by crane; 
bottom ceiling view shows strip- 
ping of beam forms 





design procedure for balanced design stresses, is shown in Fig. 5. The design 
applied to an 8-ft single span, loaded at the third points; the 23 percent 
lighter re-form slab required a slightly higher applied load for design stresses. 
Re-form was 20-gage (0.036-in.) steel corrugated to 3 x 0.7 in. and hot-dip 
galvanized, with 4-gage T-wires welded at a 6-in. spacing. Re-form steel 
averaged 101,000 psi tensile strength, 92,000 psi yield strength (0.1-percent 
offset), and 30,000,000 psi modulus of elasticity. The slab was placed with 
one line of temporary supports; computed flexural form stress was 10,000 
psi and form deflection 0.10 in. 

For the re-bar slab the load-deflection curve changed slope at 700 lb per 
ft of width applied load (1100 lb total), evidently due to tension cracks in the 
concrete at 430 psi computed stress on the transformed gross section. Initial 
slope of the load-deflection curve for the re-form slab changed at 2700 Ib 
per ft of width applied load (3000 lb total), corresponding to 2000-psi extreme 
concrete tension stress on the transformed section. The re-bar slab failed 
at the yield-point stress of 50,000 psi; the re-form slab at 80,000 psi rein- 
forcement stress, and 3000 psi compression limit stress (rectangular distri- 
bution above the neutral axis). Visible cause of failure of the re-form slab 
was tearing of the sheet around all weld buttons of four T-wires near one 
end, at a computed weld shear of over 2000 lb per weld. 

High resistance to tension cracks in the lower portion of re-form slabs, 
as judged from the change of slope of load deflection curves and observed 
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Fig. 5—Load-deflection characteristics of identical design re-form slabs and re-bar slabs with 
intermediate grade bars. Single 8-ft span, loaded at the third-points; reinforcement is 0.50 sq 
in. per ft of width and concrete is 2900 and 3300 psi 


at edges of test slabs, was common in tests. Concrete tension cracks and 
initial failure of surface bond to the hot-dip galvanized steel near cracks 
appeared to occur simultaneously. Concrete, bonded to the fully covering 
re-form, possibly took increased tension strains without fracture as long as 
it was uniformly bonded. 


Continuous re-form slab spans 

Slab construction is normally continuous over one or more supports. 
Negative cracks over supports appear to occur at about the same loads for 
equivalent re-bar and re-form slabs. But moment distribution is different 
for re-bar slabs and re-form slabs after the initial cracks over the supports. 
For uneracked slabs, moments are distributed as for uniformly stiff sections. 
That moment distribution is only temporarily altered for normally reinforced 
re-bar slabs which appear to crack over supports and near the center span 
at nearly equal loads. Re-form reinforced positive-moment slab sections, 
on the other hand, relatively deeper and apparently sustaining greater con- 
crete tension strains before cracking, are much stiffer than the shallower 
cracked sections over supports for higher loads. Increasing loads are pre- 
dominantly resisted by positive moments, without proportionate increase in 
negative moment. Cracked re-form slab sections over supports act as “plastic 
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Fig. 6—Deflections and load distributions, as observed by weighed end reactions, for two-span 
continuous test slabs of re-form and conventional construction. Moments of inertia of uncracked 
slabs 50 and 70 in.‘ per ft of width 


hinges’? whose performance, along with the important relations between 
design element proportions and moment distribution, has been discussed by 
Hardy Cross.! 

Data from tests of two-span continuous re-form and re-bar slabs are 
illustrated in Fig. 6 and show this difference. The two slabs were not identical 
in design; the re-bar slab was slightly deeper and somewhat more heavily 
reinforced, with somewhat smaller positive-moment design depth and greater 
negative-moment design depth than the re-form slab. Third-point 4oading 
of 600 lb on the re-form spans and 900 lb per ft of width on re-bar spans, 
plus deadload, gave design stresses over the support. The re-form was 24 
gage with 3 x 0.7-in. corrugations and 4-gage T-wires spaced as indicated 
in Fig. 6. Re-form tensile strength was 115,000 psi, and the modulus of 
elasticity was 31,000,000 psi. Reinforcing bars were intermediate-grade 
steel with a 52,000-psi yield point. 

End reactions were weighed for dead and total loads for moment distri- 
bution analysis. Fig. 6 shows the end reactions for applied loads, as well 
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as the load-deflection curves to near failure, all averaged for the two spans 
of each slab. Theoretical end reaction for the third-point loading of 33 
percent was obtained only for the lowest loads of about 400 lb per span, 
and for the re-bar slab, it was again approached after cracking. After initial 
cracking at the support the re-form slab end reactions were about 45 percent 
of applied load, with correspondingly small negative moments, and much 
greater positive moments, both before appearance of tension cracks between 
the toads at over 1500 lb per span applied load, and at higher loads. Initial 
failure of the re-bar slab occurred by yielding of the steel over the support, 
followed by yielding of the positive bars. The re-form slab failed between 
the outer end and the third-point at a computed re-form reinforcement 
stress of over 80,000 psi, by steel failure around the welds. After initial 
cracking of the re-form slab over the support, and the moment redistribution 
occasioned thereby, design stresses over the support, as deduced from weighed 
end reactions, were not exceeded until the applied load was 1500 lb per span 
or 21% times the theoretical design load. Several cracks appeared in the top 
of the re-form slab over the center support, one remaining open after the 
test indicating that the negative bar yield point may have been reached. 
Weighed re-form slab end reactions may not have been accurate for high 
applied loads. For an end reaction of 40 percent of applied load, yield point 
stress in the negative bars would have been reached near ultimate load. 

The plastic hinge over the support of the re-form continuous slab is explained 
by slip of the negative reinforcing bars in bond near cracks. For # 4 deformed 
bars, the crack width at the bar in structural concrete may average 0.004 
in. for a 20,000 psi stress in the steel. The equivalent angular change of 
slope at the crack computed for the neutral axis 1.5 in. below the negative 
bars, was 0.003 radians at each crack. The end slope for a load of 1000 lb 
per uncracked span would be from 0.004 radians for full restraint at the 
center support to 0.008 radians for no restraint at the center. It is apparent, 
therefore, that narrow cracks existing over the support at design loads sub- 
stantially influence moment distribution. 


Moments in continuous slabs cracked at edge of supports 
Negative and positive moments can be computed for slabs cracked at 
supports and uncracked between supports’ using conventional slope-deflection 
formulas. The angular change in slope A at a crack, for a negative bar stress 
f, and bond stress near the crack evenly distributed over a length br, on each 
side of the crack, where r is the bar size, can be expressed as: 
ie? 
~ BE, (1—k) d 
Negative moment M,, per foot of width, at the crack is: 
M,=—fap 12 jd? 
Change in slope at the support for one negative crack near each slab-end 
van then be expressed as a function of the moment: 
br 


a oreo, 
12 E,j (1—k) pd? 


M,=C M,.. ‘cee 
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The constant C expresses the change in slope at the crack in terms of the 
moment at the crack and, of course, 
br 
~ 12Bj(—-k pa 
C is proportional to the bar size and is inversely related to bonding effective- 
ness, amount of reinforcement p, and design depth d. 


(2) 


Applying the expression for slope at a crack in conventional slope-deflection 
formulas, negative moments are derived for equal spans and distributed 
vertical loads as follows. 


For span continuous at one end, 





1 »L? 
M,= -—-—— — x = Dordt eas tices (3) 
1+3 E-C 
L 
For span continuous at both ends, 
Vv. = eee. Nahe no (4) 
1+2 Ee 


Where w is the load per unit length, L is the span length, EF is the concrete 
modulus of elasticity, and J is the moment of inertia of the uncracked slab. 

An indication of the influence on moments of one negative crack near the 
end of each span can be obtained by applying Eq. (3) and (4) to design pro- 
portions normal for continuous slabs; say n = 10, bar size r = 0.12 d, active 
bond on each side of a crack 12 bar diameters b = 12, 1.0 percent negative 
reinforcement, and design depth 8/10 of total slab depth D, for which typical 
condition the negative moments would be: 


For span continuous at one end, 


l wl? 
M,, == _eeenneed . 
1+ 10 Mii, 
saath 
For span continuous at both ends, 
M, _ saci - wL* 
»# 12 

l oe 6 — 


For L/D = 30, the negative support moments and positive midspan moments 
would be: 


End span: 


MM ag = 0.09wL? M 500 = 0.08wL2 
Interior span: 
Mney = — 0.07wL? M poe = 0.06wL? 


If more than one negative-moment crack occurred, the negative moment 
would decrease and the positive moments increase still further. Effect of 
cracking of continuous slabs near intermediate supports without simultaneous 
cracking in the spans serves to substantially equalize the positive and negative 
moments. 
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Fig. 7—Re-form slab for first floor 
over basement in residence 


Re-form slab construction 


Common slab and span relations, and considerations of positive and 
negative moment design depths, place a practical limit on the re-form depth 
between 1 and 2 in. For normal re-form depths, form spans generally should 
not exceed 5 to 6 ft, depending upon dead-load flexural stress (slab thickness), 
and appearance (noticeable deflection in the re-form ceiling). Maximum 
flexural stress for dead load is normally limited to 20,000 psi. Fig. 7 illustrates 
an exposed residential re-form on a 14-ft span built with two lines of temporary 


supports; Fig. 8, a 7-in. bridge floor on 5.5- to 6.5-ft stringer spacing, shows 


continuous re-form with no intermediate supports; and Fig. 9 is a typical 
application of temporary supports for re-form in tall building construction. 

Some attention to spacing of temporary supports is essential for long form 
spans, because of the large variation in form deflection with relatively small 
change in form span. This is shown in Fig. 10; for one line of support at 
0.5 L, at 0.47 L, and at 0.45 L from one end; and for two lines of supports 
at 0.33 L, at 0.30 L, and at 0.25 L from each end. 


SLAB TESTS AND DEFLECTIONS 


Essential features of high-strength corrugated steel, positive means for 


Fig. 8—Installation of 20-gage 
re-form with ends staggered on 
stringers for bridge floor slab, 
placed without temporary sup- 
ports. View does not show 
additional longitudinal and 
negative bar reinforcement 
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Fig. 9—Temporary supports in 
place under 10-ft span of 5-in. 
slab on 24-gage re-form. Hanger 
wires are for suspended ceiling 


concrete-steel interaction by welded T-wires, hot-dip galvanized protection 
for the steel, and the use of intermediate temporary construction supports 
were not derived experimentally. No precedent existed to judge re-form 
construction in relation to design and deflection behavior. Accordingly, 
numerous tests were made covering the range of design conditions. 


Development tests 


Results of single-span slab load tests for varying spans, slabs, and re-form 
thicknesses are shown in Fig. 11, and give load-deflection curves for three 
conditions of failure: shear, compression, and tension. The tabulation shows 
design data and failure stresses by conventional computation for triangular 
concrete stress distribution. Computed concrete tension stresses at the 
knee in the load-deflection curves, indicating the limit of concrete tension in 
the full composite transformed section, are from 1000 and 1200 psi for the 
five tests. 

A few load test results for spans near 14 ft are illustrated in Fig. 12, and 
show comparative performance of continuous and single spans. Continuous 
spans had negative steel over the center support. The effect of continuity 
is evident in decreased deflections up to design loads, but is less noticeable 
in ultimate slab capacities. Test slabs 145C and 278 were placed integral 
with the supporting concrete beams; negative steel at the end beams was 
intentionally limited below code requirements, or omitted. The effective 
integral slab-beam connection with the re-form placed 1 in. into the concrete 
beam is demonstrated. 
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for single-span re-form slab tests 
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A load test on a 4% in. deep re-form slab continuous over two 12-ft spans 
for progressively increasing repeated loads to failure, is shown in Fig. 13. 
Twenty-four separate load applications were made, four at failure load before 
collapse, at which time the re-form reinforcement stress exceeded 110,000 
psi, assuming a negative bar yield point stress of 67,000 psi over the inter- 
mediate support. Visible failure was by weld shear between an end and a 
crack 3 ft in from the end. Load-deflection rates are indicated in Fig. 13 
for a transformed section continuous span with a 3,500,000-psi modulus of 
elasticity, and also for a cracked single-span slab. Positive moment slab 
cracks were visible at a load of 360 lb per sq ft. Deflection increments for high 
loads parallel the rate for a single-span cracked slab, but individual load- 
deflection rates indicate restraint by negative reinforcement even up to near 
ultimate loads. A number of repeated load tests were made to substantiate 
assumptions of continued T-wire weld adequacy for normal changing con- 
ditions of service. 


Re-form slabs behave as conventional reinforced concrete with character- 
istics typical for high yield-strength positive reinforcement beyond normal 
safety margins. Failures at welds occur frequently at reinforcement stresses 
near the ultimate, but weld failures without high reinforcement stress are 
less common. Reinforcement stresses transferred per weld at failure were: 
for test 66A (Fig. 11), 2300 lb per weld of 4-gage wires to 19-gage re-form; 
-and for test 114A (Fig. 12), 1700 lb per weld of 44-in. wires to 24-gage re-form. 
These are the only definite weld failures, occurring near one support. 

T-wires begin stress transfer when cracks appear, with characteristic 
readjustment in the load-deflection curve. This action is analogous to bond 
slip near cracks for reinforcing bars; 6-in. wire spacing shows performance 
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Fig. 13—Deflections of a 414-in. 
re-form slab, continuous over 
two 12-ff spans, for repeated 
loads increased to failure after 
24 applications, four at failure 
load. Re-form %-in. corrugated 
24-gage steel stressed above 
110,000 psi at failure with 
67,000-psi yield-point stress in 1 
percent of negative rail-steel bars 
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similar to comparative bar-reinforced slabs. ‘Transfer of stress from rein- 
forcement back into the concrete on each side of cracks in regions of high 
moment may result in high local stresses, for which the value of high-strength 
steel is obvious. 

Shear, as conventionally analyzed, occurs near supports, with T-wires spaced 
at closer than 6-in. if so required by shear analysis. For normal construction, 
moments—and reinforcement stress—increase faster than the shears decrease 
going away from the supports. In agreement with observations of conven- 
tional concrete construction, critical combined stresses seem to occur at some 
distance from supports. Shear failures at high concrete compression or steel 
tension are no indication of design deficiency, if the highest service loads and 
deflections have been exceeded with appropriate safety margins. 

Slab deflections for long-time loadings 

Long-time static loading conditions are of particular interest in thin slabs, 
because plastic flow may greatly increase noticeable deflections of such slabs. 
Current design specifications do not show slenderness limitations for one-way 
slabs. Recent reports of tests extending up to five years?’ give valuable indi- 
‘ations as to conventional single-span slab performance. 

Deflection B for single-spans and distributed loads is 
5 wLl4 
384 EI 
which can be transposed to fit reinforced concrete design conditions for cracked 
slabs, with design depth d and concrete f, as follows: 

B 40 fe L (5) 

L 384kE.d °° 7m 
iq. (5) gives initial deflection values within 25 percent of deflections reported 
by Washa,?:* for concrete design stresses from 900 to 1700 psi and a steel de- 
sign stress of 20,000 psi. (Initial deflections computed for the uncracked trans- 
formed design-depth section, as suggested in ACI Committee 313’s report,‘ 
averaged less than 60 percent of observed deflections.) Total long-time deflec- 
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tions, observed in the same tests for a three-year loading were from 2.6 to 3.6 
times as great, averaging 3.0 times the intial deflections. Observed long-time 
deflections were all within 10 percent of 3.0 times the initial deflections given 
by Eq. (5). (Computation of long-time deflection based on a decreased 
“modulus of resistance” is attended by considerable uncertainties, and gave 
results in poor agreement with observed test values.) Long-time deflections 
of single-span slabs, then, seem to be predicted best by the following for- 
mula: 

B 03f.L 

= 

Eq. (6) is sufficiently simple for direct use in design. Concrete stress f, is 

the design stress for permanent or deflection governing loads, which may be 
much less than design loads. If slabs are uncracked, Eq. (6) may be expected 
to give deflections 50 to 100 percent larger than the actual ones. Eq. (6), in 
the absence of test information, can be used for predicting deflections of con- 
tinuous spans as well, giving values about 20 percent greater than may be 
expected for cracked slabs. 


Long-time load tests on re-form slabs include single-span slabs of structural 
and lightweight concrete with L/d ratios of 32 to 49, loaded to full design load. 
Total deflections at three years approximate 0.005 L. Initial deflections were 
equal to or slightly greater than those computed for the uncracked transformed- 
section slab, with three year deflections about three times as great; the excep- 


tion being one lightweight aggregate slab (./d=37) which conformed closer to 
cracked slab performance. A two-span continuous slab with an L/d ratio of 
44 and loaded to about three times design load has deflected 0.009 L at three 
years. Tests indicate that predictions of long-time deflections of re-form 
structural-concrete slabs, in accordance with Eq. (6) for cracked slabs, will be 
about twice the actual deflections. Continuous structural concrete re-form 
slabs limited to 0.003 L total long-time deflection, could have an L/d ratio of 
44 in accordance with above test. 


DESIGN FOR RE-FORM CONSTRUCTION 

General considerations 

Re-form slabs are designed in accordance with accepted flexural theories 
as applied to reinforced concrete. Continuous construction is used when 
practical because of its added strength margins, decreased elastic and plastic 
flow deflections under vertical loads, and increased monolithic horizontal 
diaphragm dimensions for distribution of lateral wind and earthquake forces. 
As shown by tests, approximately equal positive and negative moments can 
normally be expected at design loads. Positive moment values higher than 
required by some codes, and equal to negative design moments, are suggested 
for normal equal spans with distributed loads not over three times dead loads 
as follows: 


Positive moment in end span, and negative moment at the first interior support, 
0.10wL?. 
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Positive moment in interior span, and negative moments at other interior supports, 
0.08wL’. 

Span-slab depth proportions would be limited by long-time deflection, con- 
sidering concrete flow characteristics, loading, and use. The following limits 
are indicated by re-form slab tests for good concrete materials and predomi- 
nantly human occupancy use, without decrease in design stress: 

Single spans, L./d not more than 35, 

Continuous spans, L/d not more than 45; 
where L is the clear span for concrete beams, and the theoretical span for un- 
stiffened steel beam supports; d is the positive-moment design depth of the re- 
form slab. Practical considerations indicate a minimum slab depth of 3 in. 
for re-form slab construction. 
Shear and diagonal tension 

Vertical shear in concrete is a measure of diagonal tension and is greatest 
near interior supports where negative moment cracks are likely to exist under 
design loads. Ultimate shear values without stirrups as low as 0.05 f.’ have 
been computed in recent investigations of concrete beams, even without the 
complicating influence of continuity.’ In accordance with these indications, 
conservative limits of vertical shear stress in thin continuous slabs are sug- 
gested. 

As a matter of convenient procedure, it seems practical to consider the loca- 
tion of critical shear at the support, whether in continuous or single span con- 
struction, and to measure the effective depth to the ridge of the re-form corru- 
gated steel only, at which level the T-wires are welded. Depth for shear de- 
termination is then jd—c/2. With negative bars about 1 in. below the top 
surface, nearly equal effective depth applies, 7 (d—1). The suggested concrete 
shear formula for re-form slabs then is: 

V " 

” = b Gd—c/2) ‘ a , : " : Oe ci 
Where b is the width of slab; d its design depth for positive moment; c the re- 
form corrugation depth; jd the distance from the re-form center to centroid 
of concrete compression; V is the shear at the support, assumed equal to 
one-half of the span load; and v the unit shear, with a suggested maximum 
value of 0.02 f.’. 

T-wire weld shear and spacing 

Re-form slab design is predicated upon transfer of all shear to the re-form 

reinforcement through the welds. Weld shear is accordingly computed by 
Vsg 
~ b jid—c/2) 


‘ry 


. (8) 


Where s is the spacing of T-wires, g is the distance between welds (the pitch 
of corrugations), and 7’ the shear per weld, which should not exceed values 
given in Table 3. 

Maximum T-wire spacing is 6 in. Shorter T-wire spacing toward the sup- 
port may be 4) in. and/or 3 in. Minimum T-wire size is chosen to give suffi- 
cient temperature steel, at a 6-in spacing. 
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TABLE 3—DESIGN VALUES OF SHEAR PER WELD FOR COLD-DRAWN T-WIRES 
HIGH-PRESSURE RESISTANCE WELDED TO GALVANIZED CORRUGATED 
RE-FORM WITH %- TO 1-IN. RIDGE RADIUS* 


| 





Re-form steel thickness, gage 
T-wire size — —| eo =a DARrEee REESE RE 
: 24 and 22 20 19 and 18 





Gage Diameter, in. 





Maximum shear, lb per weld j 


4 0.225 500 id —_ 
3 0.244 500 700 — 
1 0.283 600 800 900 
0 0.306 _ 900 1000 








Suiits uae aa deme taiaal in uacthandeal chene acts, etdh ths Tas bald ageless serene, avenge: shout 
three times design shear values. 
Form stresses and deflection 

Re-form stresses in flexure over temporary supports are generally limited to 
20,000 psi for dead load. This does not infringe on steel strength available as 
reinforcement as prescribed by any known building codes. Form deflection 
between temporary supports, which remains after removal of the supports, is 
variously limited to 1/360 of the slab span or to 14 in. or less, depending upon 
appearance requirements. 


APPLICATIONS FOR RE-FORM 


General considerations 

By materially decreasing the time and labor in the costliest operation of 
concrete slab construction, forming, re-form construction may be expected to 
extend the economic use of one-way concrete slabs. As with other new con- 
struction methods, considerable variation exists in construction costs, de- 
pendent upon varying familiarity and experience of the construction trades. 
Generally, re-form placement has been assigned to the reinforcement crews, 
temporary supports to the form trade. Spans longer than 14 ft await the 
commercial availability of re-form of longer length. 


Fire resistant construction 

At least one type of re-form construction has undergone a number of fire 
tests in a continuing program at the Underwriters’ Laboratory, Chicago, III. 
Exposed structural concrete re-form slabs have shown surprising fire-test en- 
durance, which may be credited to the cooling effect on the exposed steel by 
the heat conducting concrete in full contact above it. Up to 11%-hr fire re- 
sistance has been obtained, limited by top-surface temperature rise rather than 
structural failure. Two-hour resistance has been obtained with exposed re- 
form construction of sufficient thickness for top surface temperatures, in 
which some supplemental reinforcing steel. was included. 


Four-hour fire resistance has been exceeded by re-form slabs protected with 
fire resistive ceilings, either suspended, or directly applied, the latter with 
only 3% in. of lightweight plaster on lath welded or’tied directly to the re-form, 
with the plaster filling the corrugations. 
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Fig. 14—Roof in commercial warehouse of 

exposed re-form slab and integral concrete 

frame construction. One line of temporary 
supports used under slabs 


Building types 


Re-form has received its greatest use in tall building construction, with 
spans generally from 8 to 11 ft. The re-form has been placed in close coordina- 
tion with structural steel to serve as an immediate safety deck under steel 
erection operations. Light trade, negative-bar, and utility installations have 
generally been made without temporary supports, placed shortly ahead of 
concrete operations. 


For commercial and industrial applications, exposed construction has gener- 
ally been sufficient both in appearance and fire resistance, the smooth light 


ceilings having special advantages in some installations. A commercial roof 
installation is shown in Fig. 14. Exposed re-form undoubtedly meets code 
requirements of fire resistance for multistory parking decks. 

Many individual residences and some multiple home developments have 
used re-form slab floors over basements. Important advantages are non- 
combustibility, fire resistance, and better appearance than exposed wood joist 
construction. 
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Nature of Bond in Pre-Tensioned Prestressed 
Concrete* 


By JACK R. JANNEY{ 


SYNOPSIS 


Methods and findings of an investigation of bond in pre-tensioned prestressed 
concrete members are discussed. Two types of tests were involved. Bond 
near the ends of a prestressed member after release of the wire pre-tension 
was studied using prismatic specimens. Beam specimens were used to study 
flexural bond and the interrelation between this flexural bond and the bond 
resulting from the transfer of prestress. Principal variables considered were 
diameter, surface condition, and the degree of pre-tension of the wire rein- 
forcement. 

A variation in anchorage length and general shape of the stress transfer 
distribution was noted for wires of different diameters and for different 
surface conditions ranging from rusted to lubricated. Similar observations 
were observed when the pre-tensioned steel was released to concretes of 
different strengths. An elastic analysis of the deformations occurring when 
pre-tensioned steel is released confirms the test results in suggesting that the 
prestress transfer bond is largely a result of friction between concrete and steel. 

Beam tests-:indicate that reliable values for flexural bond stress after cracking 
are not obtained by the expression generally accepted for calculation of bond 
stress. High bond stresses develop only after cracking has occurred. Conse- 
quently, if loss of bond is the cause of beam failure, a prestressed beam will 
carry a greater ultimate load than an unprestressed beam reinforced with the 
same steel. 


INTRODUCTION 
Functions of bond 
Pre-tensioned steel in prestressed concrete members serves a dual function. 
Part of the available tensile strength of the steel is used first to establish a 
compressive prestress in the concrete. Secondly, if a member is loaded beyond 
cracking, all or part of the steel tensile strength may be utilized to assist the 
concrete in resisting the externally applied bending moment. 


A bond between concrete and steel must exist if concrete is to be prestressed 
by the pre-tensioning method for with this method the steel is tensioned 
before the concrete is placed and is released after the concrete has developed 
sufficient strength. The tension in the steel is transferred to the concrete 
entirely by bond. The bond which accomplishes this function is referred to 
herein as the “‘prestress transfer bond.” 


*Received by the Institute Sept. 23, 1953. Title No. 50-44 is a part of copyrighted JournNAL oF THE AMERICAN 
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Road, Detroit 19, Mich. 
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Prestress transfer bond is present from the ends of a prestressed member 
to the beginning of a region in which the steel tension is constant. When the 
pre-tension force was released slowly, the length required to transfer the pre- 
tension force to the concrete varied from about 1 to 3 ft from the ends of the 
members. 

The prestressing element in a pre-tensioned flexural member also serves a 
function similar to that of ordinary reinforcement in concrete which has not 
been prestressed, that is, it develops bond stresses as a direct consequence of 
flexure. The increase in steel stress resulting from flexure of a prestressed 
member is usually unimportant under normal service conditions, that is, 
in an uncracked condition. But if cracking occurs, the bond between steel 
and concrete in the flexure region plays an important part in governing the 
subsequent performance of the member. Bond which develops as a result 
of flexure, as distinct from that required to establish the prestress, is referred 
to as “flexural bond” throughout this report. 

In the failure tests of center-loaded beams reported in this paper, flexural 
bond stresses were relatively low until flexural cracks occurred in the con- 
crete. High steel stresses occurred at these cracks, and in consequence the 
maximum values of flexural bond stress were found initially adjacent to such 
cracks in the mid-span regions of the beams. As loading continued, how- 
ever, the high steel stresses spread outward from the crack and the maximum 
values of flexural bond stress moved from the center toward the beam ends. 

Since prestress transfer bond occurred only in the end regions of the beams 
there was little interaction between flexural bond and prestress bond when 
cracking first took place. Even at final bond failure, as evidenced by end-slip 
of the prestressing element, the maximum values of flexural bond stress had 
moved outward only to a region just overlapping that of the prestress transfer 
bond. Failure occurred in all cases before high flexural bond stresses 
developed in the end regions where the maximum prestress transfer bond 
stresses prevailed. 

Object of investigation 

In a flexural member reinforced with unstressed high-strength steel wire, 
the mechanism of flexural bond action should not differ from that of concrete 
reinforced with ordinary plain round bars. However, when the reinforcement 
is pre-tensioned, bond is required to hold the steel under tension and thus 
effect a prestress of the concrete. The interrelationship between this prestress 
transfer bond and the flexural bond is a characteristic of prestressed concrete 
which has not been clarified by previous investigations. 

The object of the present bond investigation may be described in a series 
of questions: 

1. To what extent does the wire diameter influence the transfer of pre-tension from steel 
to concrete? 

2. How are the prestress transfer bond properties of wire and strand influenced by surface 
conditions likely to be encountered in practice? 

3. What is the effect of concrete strength on the transfer pf stress from pre-tensioned steel 
to concrete? 
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4. How does the bond function in enabling pre-tensioned reinforcing steel to resist external 
bending moments? Are the properties of flexural bond influenced by the prestress transfer 
bond existing near the beam ends? 

Scope of tests 

The study was divided into major series of tests to investigate the two 
categories of bond action described. 

In the first test series, prestressed concrete prisms of small cross section 
were instrumented to determine distribution of prestress transfer bond between 
steel and concrete when the steel pre-tension was released. Variables incor- 
porated into this first series were: four wire diameters and one strand, two 
concrete strengths, and three surface characteristics of wire and strand. 

In the second test series, short beam specimens were loaded_to failure with 
centerpoint loading to develop high flexural bond stresses. Steel strains 
were measured at several points throughout the length of each beam. Vari- 
ables considered in this second series were: three wire diameters and one 
strand, clean and rusted wire, and several degrees of wire and strand pre- 
tension. 


PRISM TESTS 


Variables and test procedure 
Specimens for the first series were designed to evaluate only the transfer of stress from 
pre-tensioned wires and strands to the concrete through prestress transfer bond. Prisms 
2 x 2 in. in cross section and 72 or 96 in. long were used. Each prism contained a single pre- 
tensioned wire or strand at the longitudinal axis. The following wire diameters and surface 
conditions were used: 
1. 0.162-in. diameter wire: 
(a) clean—steel was thoroughly washed with carbon tetrachloride and when wiped 
with a cloth soaked in acetone. 
(b) lubricated—steel was cleaned as described above and then liberally coated with 
a light rust-preventive oil. 
(c) rusted—steel was rusted by seven days exposure to 100 percent relative 
humidity. No attempt was made to remove the loose rust or scale from the steel. 
2. 0.100-in. wire: (a) clean, (b) lubricated 
0.197-in. wire: (a) clean, (b) lubricated 


> 


3 
4. 0.276-in. wire: (a) clean, (b) lubricated 
5. %-in. strand: (a) clean, (b) lubricated 


Before pre-tensioning, each wire was fitted with two SR-4 electric strain gages, and each 
strand was fitted with four gages. In each case one waterproofed gage was placed at the 
midpoint of the prism. The waterproofing cylinders for these tests were 34 in. diameter and 
3% in. long. In subsequent tests these dimensions have been reduced substantially. The 
remaining gages were positioned outside the concrete forms. All steel reinforcement was 
pre-tensioned to 120,000 psi as determined from the several gages and checked with a cali- 
brated pressure gage on the hydraulic system used to tension the wire. The coefficient of 
variation of the strain readings on any individual wire and strand from which the initial 
tension was determined was about 2 percent. 

The concrete prisms were cast using a 7-bag mix of a blend of Type I cements and %¢-in. 
maximum size aggregate. The slump was 3 in., and the cylinder strength of the concrete 
after five days moist curing and 16 days storage in the air of the laboratory was about 
4500 psi. For the 0.162-in. clean wire an additional specimen was made with 6500 psi concrete 
having a slump of )% in. 








JOURNAL OF THE AMERICAN CONCRETE INSTITUTE May 1954 


Fig. 1—Stress transfer prisms instrumented with 
SR-4 strain gages 


Twenty-six SR-4 strain gages were placed along the sides of each prism (Fig. 1) after moist 
curing was completed. Just before the pre-tension was released, readings were taken on all 
gages on the concrete surface and on the steel. The tension was released from the steel, and 
again complete strain readings were taken. These data established the pre-tension in the 
steel just prior to release, the tension retained in the steel at the center of the specimen after 
release, and the distribution of prestress. 

It was the distribution of prestress as determined from strain measurements on the con- 
crete surface from which the steel stress distributions, which are discussed later, were derived. 
This procedure is justified if, at all points along the length of a prism, the stress in the con- 
crete is uniform over the entire cross section. At any point the total concrete compression 
must equal the steel tension at that point. Thus, the amount of concrete compression along 
the prism varies directly with the steel tension, even though compatability of strains does not 
prevail in the end region where there is a stress gradient. Such an indirect procedure was 
necessary to avoid destroying the bond by waterproofing a number of gages attached to the 
steel. The procedure is believed to be reliable except within a very short region near the ends 
of the specimens. 

Prestress transfer bond 

Typical distribution of steel tension near an end of a prestressed prism is 
shown in Fig. 2. There are three factors which may contribute to bond 
between steel and concrete: adhesion between concrete and steel, friction 
between concrete and steel, and mechanical resistance such as is provided 
by the deformations on ordinary reinforcing steel. 

The first of these, adhesion, can be present only if no slip has taken place 
between concrete and steel. If slip is absent, the reduction in tensile strain 
occurring in the steel at any point following the release of pre-tension must 
equal the increase in compressive strain in the concrete at the same point. 
Measured strains indicate that this condition is met only in the portion of 
the prism where the wire tension is constant, that is, in the central region. 
Within the region where there is a steel tension gradient (the outermost 15 
in. in Fig. 2) the reduction in steel strain is greater than the corresponding 
concrete strain, with the difference increasing as the steel stress gradient in- 
creases when an end of the prism is approached. At the ends of the prism the 
reduction in steel strain is a maximum and the corresponding concrete strain 
is zero. Accordingly, slip must be present and adhesion may be discounted 
as a major factor contributing to prestress transfer bond between pre-tensioned 
steel and concrete. Furthermore, since the clean wire used in the tests is 
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Fig. 2—Typical distribution of stress transfer glove 362 sy 
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very smooth, mechanical resistance of any consequence is probably negligible. 
It is reasonable to assume, therefore, that the friction between concrete and 
steel is largely responsible for the transfer of stress to the concrete. 

As the tension is released and the wire starts to slip, the diameter of the 
wire increases in proportion to the reduction in tension, and a radial pressure 
is exerted on the surrounding concrete; thus, the frictional force restraining 
slippage of the wire is increased. This force is dependent upon the radial 


pressure developed and the coefficient of friction between the steel and the 
cement paste in intimate contact with the steel. The coefficient of friction 
will vary with the surface characteristics of the wire and possibly with the 
character of the paste. 

An approximate elastic analysis of the frictional bonding phenomenon is 
of some interest, although values of the resulting maximum tensile and com- 
pressive stresses are so high that they are obviously beyond the elastic 
domain. Thus, the analysis provides only a qualitative guide regarding 
the type of stress transfer to be expected, and the resulting formula should 
not be considered as a design equation. 

Notation: 

r = radius of wire 

f. = tensile stress in wire at any point 

Tec pre-tension stress in wire 

bs Poisson’s ratio of wire 

Me Poisson’s ratio of concrete 

E, elastic modulus of wire 

elastic modulus of concrete 
radial stress at concrete and wire interface 
tangential stress at concrete and wire interface 
coefficient of friction between steel and concrete 
unit bond stress 

= distance from end of pre-tensioned member 

Reduction of tension at any point along a pre-tensioned wire from an 
initial value f,. to a value f, will result in an increment of radius 
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Fig. 3—Theoretical stress transfer distribution 
for 0.197-in. diameter wire 
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Ar; = (foc — fi) = ° (1) 


if the wire is free to expand. However, if a radial stress is imposed by the 
surrounding concrete, the actual increase in radius must correspond to the 
radial displacement of the concrete. When the concrete section is large in 
comparison with the wire radius, the elastic theory of a thick walled cylinder 
gives the following increase of the wire radius 

1 + pe 


Ar = ro; 


where o,, the radial stress in the wire, is equal to the contact pressure between 
the steel and concrete. The magnitude of this radial stress is 
Ar, — Ar E, 
oe ebaas a E, oad § as ts) Ms — Or ¢ -+}- Mc) E. . : : (3) 


Foe = fo) He _ 


ce - 


1+ +n) = 
Ae! @ 


For E, = 29 X 10 psi, E. = 3.5 X 10° psi, uw, = 0.3, and uw, = 0.2 
o, = 0.0274 (fs. — fs) 


At the ends of a prism, the entire prestress of 120,000 psi is released, and 
the corresponding radial compression o, = 0.0274 X 120,000 = 3300 psi. 


For the assumed elastic conditions, tangential tension in the concrete at the 
interface is also about 3300 psi, so true elastic action would not be expected. 
The bond stress at any point is equal to the slope of the stress transfer 
curve, as shown in Fig. 2, multiplied by r/2, or 
df, r 
22° (4) 
If the bond is due entirely to friction, 
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Fig. 4—Stress transfer distributions from wires PS Ween 
of various diameters 
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Solving Eq. (4) and (5) gives 


di = —— df, 
2 o, 
Substituting o,, from Eq. (3), integrating, and using the boundary condition 
that f, = 0 for 1 = 0, we obtain 


E, Fea rik tp 
_ at + (1 + we) 4 In* il 


2 D Ms 
2 us l 
.*— (6a) 
eet+02 
i ss 
E. 

Eq. (6a) is plotted in Fig. 3 for a 0.197-in. diameter wire and various values 
of the coefficient of friction ¢. By comparison with observed stress transfer 
distributions, such as those given in Fig. 4, it is seen that the general shape 
of the theoretical curves is similar to that representing actual behavior. 


Thus, the fundamental assumption that transfer of stress is effected largely 
through friction seems reasonable. 


Microscopic examination of the exposed concrete and steel interface near 
the ends of the stress transfer prisms showed no indication of tensile failure 
of the paste in spite of the high computed values of tensile stress. It is believed 
that sufficient inelastic yielding of the concrete took place to relieve the high 
tensile stresses. 


Presentation and discussion of test results 


Influence of wire diameter—The distribution of steel stresses for various 
wire diameters is given in Fig. 4 as derived from measured strains on the 
surface of the 2 x 2-in. prisms. It is seen that the ability of pre-tensioned 
wire to transfer stress to the concrete through bond does not vary a great 
deal with wire size within the range of 0.100 to 0.276-in. diameter. The length 
of embedment necessary to transmit the stress fully to the concrete prisms 
is moderately greater as the wire diameter increases. 
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TABLE 1—COMPARISON OF THEORETICAL AND MEASURED STRAINS 
AT THE CENTER SECTION OF STRESS TRANSFER PRISMS 


E. = 3.5 X 10° psi E, = 29 X 10° psi Initial pre-tension = 120,000 psi 





Reduction in steel | Reduction in 








| Concrete strain, millionths | strain, millionths | steel stress, psi 
Wire diameter, in. Theoretical Measured Measured | Theoretical Measured 
Seuss ia Genera eae 65 96 | 1900 2800 
0.162 170 143 147 | 4900 | 4300 
0.197 246 258 287 7100 8300 
0.276 455 547 570 | 13,200 | 16,500 








The final level of tension shown for the various wire diameters in Fig. 4 
decreases as the wire diameter increases. The cross section of all prisms was 
4 sq in. and all steel was pre-tensioned to 120,000 psi. Consequently, the 
prestress force imposed upon each specimen and the resulting concrete strain 
were greater as the wire diameter increased. The compressive strain in the 
concrete resulting from full transfer of the prestress force is 


a Ses A, (7) 
mee SO ee ’ ‘ . ; ba Jl wr ae ik ck ese : o 0 NG 


where f,; is the initial tensile stress in the steel. For the small specimens 
used, this compression of the concrete resulted in a significant loss in steel 
tension. If there is no slip between the wire and the surrounding concrete, 
the reduction in steel strain from its initial pre-tensioned value should be the 
same as the increase in concrete strain resulting from the release of stress, 
and the corresponding reduction in steel stress will be equal to e#,. The 
loss in steel stress computed in this way ranges from 1900 psi for the 0.100-in. 
diameter wire to 13,200 psi for the 0.276-in. wire. Measured and theoretical 
concrete and steel strains, together with loss in prestress, are compared in 
Table 1 for typical stress transfer prisms. 


To avoid variation in retained tension, it would have been necessary to 
tension the wires progressively higher, or to increase the concrete cross section 
as the wire diameter increased. Thus, it was impossible to maintain con- 
sistency of the final tension level without adding other variables. 


Concrete strength-—The second variable briefly explored in this series of 
tests was concrete strength. Strengths of 4500 and 6500 psi were investi- 
gated, as representative of values likely to be encountered in practice. One 
would anticipate some improvement in bonding quality of the higher strength 
concrete, but if the bonding of pre-tensioned wire and concrete is largely a 
frictional phenomenon, one might not expect the differences relative to con- 
crete strength which are observed in the bonding properties of deformed 
reinforcing. It is doubtful that the coefficient of friction between steel and 
cement paste is much affected by paste quality. However, concrete quality 
probably influences the ability of the concrete to sustain the radial pressure 
that results from the increase in wire diameter. Results of this portion of 
the investigation are shown in Fig. 5. 
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Fig. 5—Stress transfer distributions for 4500-psi Re ena 
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Surface condition—The stress transfer distributions shown in Fig. 6 were 
obtained from two prisms, one prestressed with rusted wire and the other 
with clean wire of the same diameter. Cylinder strength at the time of re- 
lease was about 4500 psi for both. It may be seen that the rusted wire develops 
the full transfer of prestress at a more rapid rate and in somewhat less distance 
from the free end. The beam tests discussed later disclosed that the full 
effect of rusting is not reflected in the bond stresses developed at the release 
of pre-tensioned steel, and that the flexural bond properties of rusted wire 
are greatly superior to those of clean wire. 


oe 


Stress transfer distributions in Fig. 7 comparing clean and lubricated wire 
show a more marked spread. Distributions are given for the smallest and 
the largest wire tested. Intermediate results were obtained for the strand 
and the wires of other diameters. It seems reasonable to assume that the 
difference between stress transfer distributions for clean and lubricated wire 
arises chiefly from a reduction in the coefficient of friction. 
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Fig. 7—Stress transfer distribution for clean and lubricated wire 


BEAM TESTS 
Variables and test procedure 

This second test series was made to study flexural bond stresses. Beam specimens were 
6 x 10 in. in cross section and 6 ft 6 in. long, with the reinforcement 114 in. from the bottom 
surface. The beams were loaded at the center of a 6-ft span as shown in Fig. 8. The loca- 
tion of electric strain gages attached to the wire reinforcement is also shown in this figure. 

An outline of the variables included in the beam tests is given in Table 2. Percentage of 
reinforcement varied from 0.137 to 0.199, using three wire diameters and one strand size. 
Clean and rusted wires and several degrees of pre-tension were also included as test variables. 

The concrete used was a 514-bag mix of a blend of Type I cements, with 34-in. maximum 
size aggregate, and a l-in. slump. Beams were moist cured for five days. The pre-tension 
was released at a concrete cylinder strength of about 4000 psi, and the beams were tested 
when the cylinder strength reached about 4500 psi after approximately seven days storage in 
the air of the laboratory. Eight 
6 x 12-in. control cylinders were 
cast with each pair of beam spe- 





cimens. The average moduli of 
elasticity as derived from strain 











measurements during pre-ten- 

sion release, from deflections 

measured prior to cracking, and 

from cylinder tests were 

inert dn ane cles ete 3,500,000; 3,350,000; and 
#2 : 3,300,000 psi, respectively. 


" #3 0n all wires The 


BEAM _ LOADING ARRANGEMENT 





x - Location of Strain Gages on Wires 


beams were tested to 
Fig. 8—Detail of beams and instrumentation of wires for {#ilure in a 1,000,000-Ib capac- 
bond study, flexural tests ity hydraulic testing machine. 
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} Calculated concrete 
Cylinder | stress at pre-tension 
Beam | strength, | Reinforcement Pre-tension, | Reinforcement, | release, psi 
’ psi psi | percent (oy 
| Top Bottom 


.197-in. clean wires 0 

.197-in. rusted wires 0 

.197-in. clean wires 60,000 
.197-in. clean wires 120,000 
.197-in. rusted wires 120,000 
.197-in. clean wires 165,000 
.162-in. clean wires 120,000 
4500 .162-in. rusted wires 120,000 
4600 .276-in. clean wires 120,000 
4800 2—0 .276-in. rusted wires 120,000 
4500 2—5¢-in. clean strands 120,000 


4500 
4500 
4500 
4600 
4800 
4500 
4500 


ho He me GO Go Go Go Go OO 


Key strains were recorded continuously on a four-channel instrument, and the beams were 
loaded to failure in a few minutes without interruption. Further strain readings and deflection 
measurements at mid-span were made at intervals during loading. Variations in wire tension 
at gage points 1, 2, and 3 in Fig. 8 and the load-deflection curve at mid-span were obtained 
for all beams. 


Presentation and discussion of test results 
The pre-tension retained in the wire reinforcement of the beam specimens 
was compared to the results of the prism tests. Fig. 9 shows typical stress 
transfer distributions resulting from the release of steel tension to the beams. 
Shapes of the curves drawn through the observed points were estimated on 
the basis of data gained from the stress transfer prisms. In the beam tests 
the length of wire required for development of the full prestress was increased 
somewhat by the unbonded length of sscubltoacies 
the waterproofing (about 3% in.) at 20} 
each gage point. 








Two modes of failure were observed 
in the flexural tests. All beams pre- 
stressed with clean wire failed in bond, 
and all beams with rusted wire failed 
by fracture of the wires. A typical 
bond failure is shown in Fig. 10. A 
single crack formed directly under the 
load at mid-span. Fig. 11 shows a 
typical failure by fracture of the wires. 
Besides the single crack under the 
load, a crack also formed about 8 in. 
either side of the center during the test 
of the beams containing rusted wire. 
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Characteristic relationships between 
center-point load and steel stresses 
are presented in Fig. 12. For the two 


be m in b), whi 
—_ show (a) and (b), which Fig. 9—Typical stress transfer distribution from 
were reinforced with clean wires, bond prestressed beams 
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Fig. 10—Typical bond failure 


failure took place at a load only slightly higher than the cracking load. On the 
other hand, the beam reinforced with Trusted wires, Fig. 12(c), carried con- 
siderable load after cracking and failed by fracture of the wires. 

Ultimate flexural bond stresses—Average flexural bond stresses were derived 
from the difference in steel stress determined from strain measurements at 
points 1, 2, and 3 in Fig. 8 as follows: 

te Me 
a 


u . (8) 


in which 
= average flexural bond stress over a bonded length, / 
difference in wire force over.length / due to flexure 
= circumference of wire 
Average ultimate flexural bond stresses are plotted in Fig. 13. Maximum 
bond stresses were undoubtedly higher than the average values shown. The 
highest average bond stresses at bond failure for all beams prestressed with 
clean wires (1-c, 2-c, 3-c, 4-c, 5-c, and 6-c) vary only from 160 to 220 psi 
and appear to be independent of wire diameter and amount of pre-tension. 
The highest average bond stresses for beams with rusted wires in Fig. 13 
(1-r, 3-r, 5-r, and 6-r) are less consistent than for clean wires, the highest 
average values varying from 500 to 800 psi. It is evident, however, that 


Fig. 11—Typical steel fracture of beams with rusted wires 
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Fig. 12—Load-steel stress relationship from beam tests 


flexural bonding properties of rusted wire are greatly superior to those of 
clean wire. In fact, if pre-tension wire could be manufactured with a surface 
having the bonding qualities of rusted wire, it is improbable that a flexural 
bond failure would occur in beams of practical dimensions. The bond between 
all sizes of rusted wire and the concrete used for the tests reported here was 
sufficient to develop the strength of the wire in every instance (Fig. 11). 
The beams were shorter than would be prestressed in practice normally, 
and the tests were therefore severe. 

A word of caution is inserted here. The rusting of prestressing wire gave 
encouraging results from a bond standpoint. However, any set of rusting 
conditions which might result in a reduction in cross section should be 
avoided. For example, corrosion due to galvanic action may occur when 
two dissimilar metals are associated in the proper conditions of moisture. 

Ultimate loads and cracking loads of the beams are given in Table 3. A 
comparison shows that the ultimate load of each beam reinforced with clean 
wires was very little above the cracking load regardless of amount of pre- 
tension in the wires. Thus, for these beams which failed in bond, the ultimate 
load was dependent on the cracking load which in turn was dependent on the 
degree of prestress. However, the beams prestressed with rusted wire failed 
by steel fracture, and the ultimate load was therefore dependent on the 
strength of the wire, not on the degree of prestress. 

Table 3 also lists the highest observed average flexural bond stresses over 
a 15-in. length of wire, together with the average values over one-half of the 
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Fig. 13—Average flexural bond stresses between gage points at failure 
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TABLE 3—RESULTS OF BEAM TESTS 





Average 
Increase | jd* at Highest flexural 
Pre- Crack- Ulti- Mode in failure, | observed ‘ bond 
Beam tension, |ing load,) mate oO tensile mid- average Haws | stress 
No. |Reinforcement psi | b load, lb | failure stress, span, flexural Yojd | over % 
psi in. bond | | beam 
| stress, psi | jlength, psi 
| 3—0.197-in. 0 2700 2950 bond 68,000 | 8.6 2% ; 8.3... 
clean wires | steel | | | | 
3—0. 197-in. 0 2750 | 10100 fr t | 250,000 | s. 339 | 364 
| rusted wires — 
3—0. 197-in. 60,000 4400 4800 bond 57,000 | 
clean wires | 
3—0.197-in. | 120,000 | 6000 6500 | bond 34,500 
clean wires | steel 
3—0.197-in. 120,000 6000 | 10500 fracture 138,000 
| clean wires | 
| 3—0.197-in. 165,000 7700 | 7950 bond | 20,000 
clean wires | 
| 4—0. 162-in. 120,000 | 5000 5500 bond 35,000 
clean wires staal 
4—0. 162-in. 120,000 5000 8500 be - 86,000 
. racture 
rusted wires | 
| 2—0.276-in. | 120,000 | 7000 7350 bond 33,000 
| clean wires pests 
2—0.276-in. 120,000 7000 11500 fr here 112,000 
| rusted wires oe 
7-cs | 2—5/16-in. 120,000 6050 8150 bond 58,000 
clean strands | 


; *jd calculated from measured steel strains at the crack under the center-point. 
beam length and the value obtained at failure from the expression 
za (9) 
So jd ; or re : : : 


As would be expected, this expression which is generally used in ordinary 


reinforced concrete design to determine bond stresses does not give an accurate 
picture of the flexural bond stress conditions in the prestressed test beams. 

Distribution of flexural bond stresses—The highest average bond stresses 
in beams at failure gave some evidence regarding the behavior of pre-tensioned 
members. A clearer picture of the nature of bond in pre-tensioned prestressed 
concrete may be obtained by studying the distribution of flexural bond 
stresses in various regions of a beam from the cracking load to failure. 

Let us first follow the progression of flexural bond stresses from the crack- 
ing load to bond failure in a beam which was not prestressed. Beam lI-c, 
shown in Fig. 14a(A), was reinforced with three 0.197-in. diameter unstressed 
clean wires (Table 2). Flexural bond stresses in one-half of the beam at a 
load of 2700 lb, just before cracking, are shown at the top of the figure. As 
soon as the tension crack forms under the load at mid-span, the fiexural bond 
stresses rise rapidly over the center portion of the beam until a limiting value 
is reached. In this case the limiting value is 200 psi, averaged between gage 
points 3 and 2 as shown for the second stage of loading, 2750 lb. When the 
limiting bond stress is reached, some slip occurs between wire and concrete 
in the center portion. This reduces the bond stress in the center region and 
increases the bond stress in the adjacent region of the beam between gage 
points 2 and 1. When the limiting value of flexural bond stress is reached 
between gage points 2 and 1, at a load of 2900 lb, the concentration of bond 
stress again moves toward the end of the beam until at bond failure the 
flexural bond stress distribution is as shown for the failure load of 2950 lb. 
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Fig. 14a—Average flexural bond stresses between gage points from cracking load to failure 
of beams. Shaded areas represent average flexural bond stresses between gage points. 
Table 2 for description of beams 


*Curve showing distribution of prestress bond stress resulting from release of pre-tension 


Progression of flexural bond stress from the center of the beam to the end 
has been described in terms of the average bond stress between gage points 
3-2 and 2-1, which may leave the impression that the slip between wire and 
concrete takes place in stages; but this wave of flexural bond stress concen- 
tration most probably progresses smoothly from the center toward the ends 
of the wires. 

A similar behavior may be observed in Fig. 14b(F) which shows flexural 
bond stress distribution during the load test of a beam reinforced with 
unstressed rusted wire. The flexural bond stresses built up between gage points 
3 and 2 and reached a limiting value at a load of 4300 lb. Bond stresses over 
the center section then began to diminish as slip took place, and the adjacent 
region between gage points 2 and 1 started to sustain flexural bond stress of 
some magnitude. When the bond stresses on the portion of wire between 
gage points 2 and 1 reached a limiting value, at a load of 10,050 lb, the ad- 
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Fig. 14b—Average flexural bond stresses between gage points from cracking load to failure 
of beams. See Table 2 for description of beams 


jacent portion, between gage point 1 and the end of the beam, began to sustain 
higher flexural bond stresses, and the bond stresses between points 2 and 1 
began to diminish. Fracture of the wires took place at a load of 10,100 lb. 
Thus, the flexural bond stress pattern observed for the beam reinforced with 
unstressed rusted wires is similar to that noted for the beam reinforced with 
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unstressed clean wires. However, the bond failure which resulted when the 
latter beam was tested was not duplicated when rusted wire was used, because 
the bonding ability of the rusted wire was much higher, and as a result a 
greater load was required to cause the wave of flexural bond stresses to 
progress from the center to the end of the beam and steel fracture occurred 
before the ultimate bond value was reached in the end region. 

In the prestressed beams, prestress transfer bond stresses were present in 
the end regions when the flexural tests were begun. These stresses are shown 
in addition to the average flexural bond stresses in Fig. l4a and b. Little 
significance should be attached to the curvatures as shown as they are only 
approximations derived from stress transfer distributions such as are repre- 
sented in Fig. 9, and the data do not allow an accurate determination of the 
curvature. Tests of these beams lead to the conclusion that the effective 
length of steel available for flexural bond is approximately equal to the 
difference between the total length and the length required to transmit the 
pre-tension force to the concrete. In the prestress transfer region the wire 
is bonded by the radial pressures resulting from the increase in wire diameter 
after release of the pre-tension. An increase in wire tension due to flexure 
reduces the diameter again and relieves radial pressure. If the concrete 
were elastic, it would recover and the bonding qualities would be similar 
to those in the center portion of the beams. The concrete in contact with 
the steel in the end regions has been stressed highly, however, and probably 
does not recover completely. As a result, flexural bonding capacity in the 
region near the ends of the prestressed beams is greatly reduced when the 
tension in the wire tends to increase with an externally applied bending 
moment. Thus, a bond failure may be expected when the wave of flexural 
bond stress concentration reaches the end region of a prestressed beam, 
that is, before the wave reaches the actual free ends of the wire reinforcement. 
This phenomenon is evident from the stresses in beams reinforced with clean 
wires shown in Fig. 14a(B), (C), (D), and Fig. 14b (E), all representing 
bond failures. 

Two beams prestressed with rusted wires are shown in Fig. 14b (G) and 
(H). Average bond stresses in the various regions and ultimate loads are 
much higher than for the beams prestressed with clean wires. Because of 
high bonding capacity of the rusted wires the steel stresses required to develop 
high bond stresses in the end region exceeded the strength of the steel, and 
the beams accordingly failed by fracture of the wires. 

All prestressed beams tested showed a sharp increase in flexural bond 
stresses at the cracking load (Fig. 14a and b). The bond stresses existing 
before cracking are those near the ends of the beams due to prestress transfer, 
and the rather minor bond stresses due to pre-cracking flexure. These stresses 
are not directly responsible for the observed bond failures, although distri- 
bution of prestress transfer bond is significant to the extent that it limits 
the region within which the flexural bond stresses may be accommodated. 

It is the loads above cracking that produce steel stresses of sufficient 
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magnitude to cause bond failures. Importance of the cracking load with 
respect to flexural bond stresses is demonstrated in Fig. 15. The load de- 
flection curves shown indicate that the beams reinforced with clean wire failed 
in bond soon after flexural cracking. On the other hand, the beams which 
failed because of fracture of the wires withstood large deflections and con- 
siderable load increase after cracking. 


CONCLUDING REMARKS 


The tests described were conducted to provide a general picture of the 
nature of bond in pre-tensioned prestressed concrete. The limited coverage 
of the many variables encountered in practice precludes extensive quantitative 
conclusions. However, some general and essentially qualitative conclusions 
have been reached regarding the nature of bond. 


Prestress transfer bond 

It has been shown that wire and strand of the sizes included in the test 
program will prestress concrete of good quality and sufficient strength through 
bond. A variation in the anchorage length and general shape of the stress 
transfer distribution was noted for wires of different diameters and for 
different surface conditions ranging from rusted to lubricated. Similar 
yariations were observed when the pre-tensioned steel was released to con- 
cretes of different strengths. An elastic analysis of the deformations occurring 
when pretensioned steel is released confirms the test results in suggesting 
that the prestress transfer bond is largely a result of friction between con- 
crete and steel. However, the high stresses produced preclude the use of 
the expression derived for design purposes. 

Under the most severe conditions of wire diameter and surface condition 
tested, 0.276-in. diameter lubricated wire pre-tensioned to 120,000 psi, the 
stress transfer was effected in less than 36 in. The best results were obtained 
on 0.162-in. diameter rusted wire for which the anchorage length was 12 in. 
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Thus, the range of anchorage lengths falls between 1 and 3 ft when the pre- 
tension steel is released slowly. 

The conclusions outlined here are based on results obtained immediately 
after the pre-tension was released to the concrete. The effects of time, 
fatigue, impact, and vibration may considerably alter the picture as it appears 
now. 


Flexural bond 

Beam tests indicate that reliable values for flexural bond stress after beam 
cracking are not obtained by the expression generally accepted for calculation 
of bond stress, Eq. (9). High bond stresses develop only after cracking has 
occurred, and consequently, if loss of bond is the cause of beam failure, a 
prestressed beam will carry a greater ultimate load than an unprestressed 
beam reinforced with the same steel. However, test results also indicate 
that the length of steel available for flexural bond stresses after beam cracking 
is reduced by the greater part of the prestress anchorage length (the length 
of steel at the ends of a beam required to transfer the pre-tension force to 
the beam.) 


Flexural bonding performance of strand was somewhat better than clean 
wire in the beam tests. Bonding capacity of rusted wire was greatly superior 
to that of clean wire. However, the danger of careless rusting of prestressing 
steels, allowing concentrations of localized corrosion, should be borne in mind. 

The difference in steel stress at the cracking load and the steel stress at 
ultimate load assuming no bond failure represents most of the load in the 
steel that must be balanced by the summation of the flexural bond stresses 
in pre-tensioned prestressed concrete. From this point on we are confronted 
with the same problems in pre-tensioned prestressed concrete that are before 
us in ordinary reinforced concrete. How are the flexural bond stresses dis- 
tributed, and what bond stresses are various members, reinforced with various 
steels, capable of sustaining? To answer these questions, much more must 
be learned about the cracking pattern of prestressed and reinforced concrete 
and of the many other variables influencing the bonding behavior of pre- 
stressing and other reinforcing steels. 
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Discussion of a paper by Jack R. Janney: 


Nature of Bond in Pre-Tensioned Prestressed 
Concrete“ 


By P. W. ABELES, K. HA JNAL-KONYI, N. W. HANSON, and AUTHOR 
By P. W. ABELESt 


Mr. Janney’s paper contains interesting test results on the bond of pre- 
tensioned wire in prestressed concrete, and his illustrations of the gradual 
movement of the maximum bond stress at increased loading are instructive. 
The writer would like to deal with this question more from a practical point 
of view and, in this connection, later discusses some particulars of Mr. Janney’s 
tests. 

When a prestressing steel is to be used for pre-tensioning it is essential 
that no appreciable slip takes place under any loading. Consequently, any 
steel the surface conditions of which are unsatisfactory for the quality of 
concrete used, so that slip or bond failure takes place, is unsuitable for pre- 
tensioning. Bond failure or slip may occur also due to too close spacing of 
the wires, which ought therefore to be avoided. It is not the transfer of the 
prestress but ultimate load conditions which govern the suitability of the 
steel. 

The writer remembers the first test with which he was associated on pre- 
stressed concrete beams containing pre-tensioned wires. These tests were 
made in London in 1941, and the wire slipped at cracking. In this instance, 
the lubricant on the surface of the wires had been removed only by wiping 
with a rag. Consequently, in later tests described in the ACI JourNAL in 
1945! the wires were first pickled to remove any lubricant, and this was 
satisfactory. 

In Great Britain where 0.2-in. diameter wire has been employed in pre- 
tensioning work for about 10 years, it was found necessary to clean the wire 
thoroughly with a carborundum wheel until wire manufacturers were pre- 
pared to clean the wire at the plant and provide by special treatment satis- 
factory surface conditions which ensure satisfactory bond. 

It is interesting to note that piano wire was originally considered the only 
suitable material for pre-tensioning by Hoyer, whose long line system is 
limited to the use of wire of 2-mm diameter; such piano wire is relatively 
much smoother than patented wire of 0.276-in. diameter. Also in investi- 
gations in Switzerland in 1946,? it was stated that wire of greater diameter 


*ACI Journat, May 1954, Proc. M4 50, p. 717. Disc. 50-44 is a part of sooemented JOURNAL OF THE AMERICAN 
Concrete Institute, V. 26, No. Dec. 1954, Part 2, Proceedings V. 50 
tConsulting Engineer, London, fame 
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than 0.12 in. (3 mm) was unsuitable and could only be used when special 
indentations were provided. However, fatigue tests on prestressed concrete 
members containing British patented smooth 0.2-in. diameter wire have 
shown that satisfactory bond is ensured under repeated loading, even in the 
range in which cracks opened and closed millions of times during the test.* 
Similar tests are now being carried out by the research department of 
British Railways on beams of 13-ft 6-in. span containing pre-tensioned smooth 
(.276-in. diameter wire. Results so far have been very satisfactory.* 


Mr. Janney has quite rightly pointed out that the pre-tensioned wire has 
much greater bond resistance than an untensioned wire, since a greater 
friction and side pressure is obtained at the ends due to swelling of the wire 
at release, and further contraction of the tensioned wire under ultimate load 
conditions is less than that of untensioned wire. Consequently the severest 
tests for the suitability of wire is a failure test on a beam containing un- 
tensioned wires. If slip does not occur, and the entire strength of the steel 
is reached at failure, the wire is certainly suitable as prestressing steel. How- 
ever, this test may be too severe, since for instance 0.276-in. diameter smooth 
wire has proved to be entirely satisfactory for pre-tensioning for concrete 
of definite strength, but is not fully satisfactory in an untensioned state as 
a single wire, though it might be satisfactory when used as twin twisted 
wires. In addition to surface conditions concrete strength and spacing of 
the wire are important. Surface conditions can be greatly improved by 
providing indentation, or better bond may be obtained by the use of wires 
twisted together. Strands of %-in. diameter were satisfactorily employed 
for pre-tensioning in some recent tests in Denver, Colo. 

Eq. (9) of the paper, which is certainly of great advantage in analyzing 
the bond stress in tests due to the increase in horizontal shear, should, in 
the writer’s view, not be used for design purposes because of variation of the 
appropriate bond stress. The designer requires the following data: (1) 
Are the surface conditions of a specific prestressing wire satisfactory to avoid 
slip and bond failure? (2) What is the required minimum concrete strength 
to ensure this? (3) What is the minimum permissible horizontal and vertical 
spacing? (4) What is the transfer length and which of the curves shown 
in Fig. 3 applies? This would have to be ascertained for each type of wire 
and one could then dispense with formulas for design purposes. 


The writer would like to refer to R. H. Evans’ investigations‘ in which the 
distributions of the strains at the ends of pre-tensioned wires of different 
diameter were investigated, theoretical formulas derived based on the thick 
cylinder analogy, and an approximation shown from the thick cylinder theory. 
In these formulas by Professor Evans the friction value and Poisson’s ratio 
were also taken into account. In his tests he used wires of different diameter 
and investigated them at different ages. It was found that due to creep, a 


_ *These tests have now been completed. One beam was subjected to nearly 10 million repetitions the upper 
limit of which was gradually increased from 4% to 2/3 of the maximum static failure load. The lower limit was 14 
of this load. At the 10th million repetition, one wire failed in fatigue and the beam was still capable of withstand- 
ing over 30,000 load repetitions with an increased upper limit of approximately 3% of the static failure load. 
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considerable increase in transmission length occurs after a time; this was es- 
tablished by comparative tests after 1 day, 1 month, 6 months, 1 year, and 
21% years. Such formulas as shown by Professor Evans and Mr. Janney are 
valuable for comparing various test results, but should not be used for design 
purposes, since they contain too many unknown variables. Practical tests on 
specimens using a special type of wire and concrete of specific minimum 
strength and compaction are essential. 

Reduction of the transmission length to a minimum is important only in 
special instances, where large bending moments and/or shear forces occur 
near the ends, as with railroad ties or short cantilevers. In such cases it is 
necessary to select a suitable type of prestressing steel ensuring special 
mechanical bond. For simply supported and uniformly loaded beams, how- 
ever, the transmission length will be of little influence since the bending 
moments increase less rapidly as the prestress is developed. In most cases 
it does not matter whether the prestress is fully transferred in 6 in. or in 
30 in.; normally there is sufficient prestress available quite near the ends 
to ensure satisfactory principal stresses. It may be mentioned that a trans- 
mission length of 2 ft 6 in. or even more is of no harm in simply supported, 
uniformly loaded beams of a span of more than 14 ft, as tests have proved. 

Also of great importance is the spacing of the tensioned wires. The writer 
made some tests on the spacing of 0.2-in. diameter wires and found that a 
distance of 34 in. horizontally and %% in. vertically appears satisfactory for 
concrete of cylinder strength of approximately 5000 to 5500 psi. A smaller 
distance (for instance 34 in. horizontally as before and 0.2 in. vertically, 
that is, all wires touching vertically) leads to failure at a load corresponding 
to approximately 90 percent of the maximum possible if the tensile strength 
of the steel is fully used. Previously it was known that spacing of pairs of 
straight tensioned wires at a distance of 1 in. horizontally and vertically 
was satisfactory, since the strength of the steel was fully used. 

From Mr. Janney’s testing arrangement it was to be expected that a crack 
would develop under the center load, where electric strain gages were fixed 
to the wires. However, a single point load has the disadvantage that the 
exact magnitude of the bending moment is uncertain in view of the unknown 
load distribution, though it may be likely that no such distribution occurs 
in the event of a wide crack under a point load. It is a pity that this is not 
quite certain, since the failure load of beam 5-r results, according to Table 3, 
in an ultimate steel stress of 206,000 psi in a nominal lever arm jd of 9.2 in. 
Depth of the reinforcement is 8.75 in. and the ultimate tensile force for the 
ultimate steel stress amounts to 17,000 lb, which may be balanced by a 
rectangular stress block in the concrete compressive zone of 0.63 in. depth 
for a stress of 4500 psi (f.’). Consequently, the maximum possible actual 
lever arm is 8.44 in. and the ratio between nominal and actual depth is 9.2/8.44 
= 1.09. It would have been interesting to know whether this excess in 
stress was really reached. Such an excess over the maximum stress of the 
steel within a crack of limited width appears quite plausible because of the 
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reduced necking over a limited length. In this connection it may be pointed 
out that so far nobody has been able to measure the exact strain conditions 
in and adjacent to a crack in concrete with well bonded steel. This is certainly 
an important problem which would deserve special research. To be able to 
analyze Mr. Janney’s test results also for ultimate load conditions, it would 
be helpful if complete stress-strain curves of the various prestressing steels 
were shown in the closure. 
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By K. HAJNAL-KONYI* 


Mr. Janney’s paper is a valuable contribution to the question of bond 
between high strength wires and concrete. It shows clearly the importance 
of the surface conditions of wires in pre-tensioned concrete members the 
safety of which depends entirely on bond. 

A few years ago the writer carried out tests on beams reinforced with 
untensioned high strength wires of 0.104-in. diameter’. The percentage of 
the reinforcement was 0.18 percent, 7.e., within the range covered by Mr. 
Janney’s beams. Prior to the tests described in reference 1 a similar beam 
failed by bond soon after the first cracks had occurred because the wires 
were not sufficiently cleaned before they were embedded in concrete. A 
description of this beam was outside the scope of the writer’s paper but in 
connection with Mr. Janney’s research it may be of interest to recall that the 
calculated average bond stress at failure was approximately 100 psi, in close 
agreement with Mr. Janney’s beam No. 1-c. 

It should be noted that the percentage of the reinforcement in Mr. Janney’s 
beams did not exceed 0.2 percent which is very low and, except for composite 
structures, is not representative of practical applications. Tests carried out 
by Revesz? have proved that in concrete of a cube strength of 7650 to 7840 
psi, prestressed wires of 0.105-in. diameter of a tensile strength of approxi- 
mately 300,000 psi can be fractured even if the percentage is as high as 0.77 
percent provided the bond is satisfactory. 

There is one statement in Mr. Janney’s paper which needs further clarifi- 
cation. In-commenting on Table 3 Mr. Janney compares the observed average 
flexural bond stress over a one-half beam length with values obtained at 
failure from the expression 

V 
-" zo jd 





u 


*Consulting Engineer, London, England. 
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He says that “as would be expected, this expression which is generally 
used in ordinary reinforced concrete design to determine bond stresses does 
not give an accurate picture of the flexural bond stress conditions in the 
prestressed test beams.” 

Indeed, it follows from a simple theoretical consideration that the above 
formula is not applicable to prestressed concrete beams if V denotes the 
total shear force at failure, but there is no reason why it should not be appli- 
cable if a reduced value of V is taken into account which corresponds to the 
increase of stress in the wire from the effective prestress to the stress at failure. 

For the purpose of calculating bond stresses in prestressed concrete beams 
the load has to be divided into two parts. The first part corresponds to the 
margin between the effective precompression and zero stress at the bottom 
fiber. The bond stresses necessary to carry this part of the load are already 
effective in the beams; they transfer the prestress from the wires into the 
concrete and cannot be measured after the application of the prestress. Once 
the load has been reached which reduces the bottom fiber stress to zero, 
the beam behaves for any additional load in the same way as a nonprestressed 
beam. This additional load, but this only, has to be carried by bond stresses 
yet to be developed. The bond stresses measurable at a loading test, here- 
inafter called “reduced bond stresses,’ correspond therefore to this second 
part of the load only. 

Since the losses of the prestress are not given in Mr. Janney’s paper, it is not 


possible to calculate the reduced shear force and the corresponding reduced 
bond stress accurately, but an approximation can be obtained by ignoring 
the losses. Table A compares the last column in Mr. Janney’s Table 3 with 
the reduced bond stress calculated as follows: 


ees x increase in tensile stress idee a ae Column 7 

zo jd _— prestress + increase in tensile stress. Column 3 + Column 7 

It will be seen that the reduced values are either equal to or smaller than 
the values in the last column in Table 3. The maximum difference occurs 
in beam 5-c and amounts to 22.5 percent but this is an exceptional case. 
If the losses of prestress were taken into account, the reduced calculated 
values would be increased accordingly and the agreement would probably 
be even better. Some of the calcu- 
lated values would be higher, some TABLE Sa OF BOND 
still lower than the values in the last ) 
column of Table 3, as would be ex- ac ats | Averege be-geaned Retend, 
pected if a formula represented the Le ) 
true behavior of a structure. a. 

While the agreement between the 
modified Eq. (9) and the test results 
is satisfactory, it seems to be nec- 
essary to discuss the significance of 


the figures thus obtained. *The reinforcement of this beam is described in 
Table 3 as ‘‘clean’’ which is an obvious error. 
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The beams summarized in Table 3 failed either by steel fracture or by bond 
slip. It is obvious that in the case of steel fracture the average bond stresses 
do not represent average bond strengths but may be lower since the bond 
was not destroyed at failure and wires of higher strength might have developed 
higher bond stresses. In the case of bond slip, the difference between cracking 
load and ultimate load was small, varying between 3 and 10 percent. Since 
“the beams were loaded to failure in a few minutes without interruption” 
it seems to be doubtful whether this small difference is a real one. As estab- 
lished by Riisch,* the bond strength obtained from tests depends on the rate 
of loading. It is quite possible, and in the writer’s opinion even probable, 
that in all beams with clean wires the margin between cracking load and 
ultimate load would have been reduced had the cracking load been maintained 
for a few minutes. Indeed, it is feasible that all these beams would have 
failed at the cracking load if this load had been sustained for a sufficiently 
long period. 


If cracking load equals ultimate load, the bond stresses obtained from the 
reduced shear correspond to the margin between zero stress at the bottom 
fiber of the beams and the tensile strength of the concrete. As long as the 
beam remains uncracked the increase in bond stress is negligible. When 
the beam cracks there is a transfer of tension into the wires, 7.e., a sudden 
increase in the bond stress to a level which if maintained for a certain period 
destroys the bond. Thus with this mode of failure the bond stress obtained 
may not be a characteristic figure either; it may be greater than the stress 
necessary for pulling out the wires. It would appear that reliable values 
for the bond strength of clean wires in prestressed beams could only be ob- 
tained in experiments on beams with artificial cracks in which there is a 
gradual increase of bond stress from the moment when the bottom fiber stress 
is zero and in which the rate of increase of the loading is very slow. 

However, the establishment of such values would be of pure academic 
interest. Failure coinciding or nearly coinciding with the cracking load can 
obviously not be tolerated. In fact, it should be the basic principle of the 
design and execution of prestressed concrete that the possibility of failure 
by bond slip is excluded altogether even at a load much higher than the 
cracking load. In the writer’s opinion this is the most important requirement 
of prestressed concrete structures from the point of view of safety since 
bond slip is always sudden without any warning. It has been proved by 
a great number of tests in many countries that this mode of failure can be 
avoided even without rusted wires. In design based on this principle, Eq. 
(9) need not be used at all. On the other hand, the low values obtained in 
the tests with clean wires (28 to 81 psi) show that a calculated value, how- 
ever low the “‘permissible bond stress,” is no guarantee against bond failure. 
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By N. W. HANSON* 


A discussion of some exploratory tests involving dynamic loading may be 
presented to amplify and confirm the author’s findings regarding the nature 
of bond in pre-tensioned prestressed concrete. His tests were restricted to 
beams and stress transfer prisms subject to static loading. The test data 
presented here concern ten beams and four stress transfer prisms subjected 
to dynamic loading. In addition, two beams were tested statically as con- 
trol specimens. 


BEAM TESTS 


The test beams were 3 in. wide, 5 in. deep, and 72 or 84 in. long. All beams 
were prestressed with two 0.208-in. diameter wires pre-tensioned to 150,000 
psi (Fig. A). The pre-tension force was transferred to the concrete when the 
cylinder strength was about 3500 psi. Flexural tests were started when the 
cylinder strength reached about 5500 psi at an age of about 28 days. The 
only variable incorporated, other than method of loading, was the surface 
condition of the wire: clean and rusted surfaces. The beams were instru- 
mented to determine the average bond stress between gage points 12 in. 
apart in the 72-in. beams and 14 in. in the 84-in. beams (Fig. A). 
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Fig. A—Test beams 


*Assistant Development Engineer, Development Department, Portland Cement Assn., Chicago, IIl. 
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TABLE B—TEST RESULTS 

















| 
Loading | Maximum 
Beam Wire Test Mode of Mutt | Degree of above Load cycles | observed 
No. | surface method failure bd? f.’ | loading,* cracking,t to failure bond | 
| percent percent stress, psi 
1 rusted static wire fracture} 0.216 100 100 — 210 
2 clean static bond 0.186 | 96 90 os 183 
3 rusted |repeated load bond 0.169 76 33 170,000 185 
4 rusted |repeated load bond 0.168 77 35 283,000 182 
5 clean repeated load bond 0.171 77 36 7,200 155 
6 clean repeated load bond 0.153 73 26 654,000 — 130 
7 rusted | impact bond 0.174 86 61 20 drops 10 in. 145 
+1 drop 19 in. | 
8 rusted | impact bond 0.178 88 67 5 drops 10 in. | 150 
| +4 drops 26 in. | 
9 clean impact bond 0.134 66 | ae 5 drops 7 in. | 115 
10 clean impact bond 0.131 65 t 5 drops 7 in. not observed 
ll clean vibration none — 22t o t 28 
12 clean vibration none — 23t — t 29 

















*Moment at failure in percent of moment at wire fracture in static loading with rusted reinforcement, beam No. 1. 
+tMoment at failure minus cracking moment divided by the same difference for beam No. 1. 
tSustained 10,000,000 cycles without noticeable detrimental effects. 


Static tests 

Beam No. 1 containing rusted wire reinforcement, and beam No. 2 with 
clean wire were tested statically with midspan loading over spans of 5 and 6 
ft, respectively. As indicated in Table B, the beam reinforced with rusted 
wire failed by wire fracture, while the clean wire beam failed in bond. The 
flexural bond stresses observed near failure in both beams were of about 
the same magnitude as those reported by the author for clean wires. It 
should be noted, however, that the tensile strength of the steel was 200,000 
psi and the ultimate elongation was only slightly in excess of 2 percent. With 
the high effective prestress of about 135,000 psi there remained only about 
65,000 psi tensile stress to be developed by flexural bond before the steel 
fractured. Thus, the measured bond stress at wire fracture was only 210 psi, 
while the author reported bond strengths up to 1000 psi for rusted wires. 

The relatively high effective prestress should also be considered in evalu- 
ating the data for the remaining beams in Table B. For example, the bond 
failure of beam No. 2 prestressed with clean wires occurred at a bending 
moment at which a bond stress of 183 psi was measured between the center 
strain gage and one 14 in. from the center. All other things being equal, if 
beam No. 2 had been prestressed with higher strength wire, it would have 
failed in bond at the same moment. A beam prestressed with rusted wire of 
the same higher strength, however, would probably have sustained a much 
higher moment than beam No. 1. 


Repeated load tests 

Two rusted wire beams and two clean wire beams were tested by repeatedly 
applying a load well above the cracking load until a bond failure occurred. 
Test results are given in Table B. The major significance of the repeated 
load data is expressed by the table column “Loading above cracking,’’ which 
gives ultimate moment minus cracking moment divided by the same differ- 
ence for beam No. 1 which failed by wire fracture. Beam No. 5 and 6 with 
clean wires indicate that the number of load cycles sustained before a bond 
failure took place decreased significantly when the loading above cracking 
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was increased from 26 to 36 percent. For beams No. 3 and 4 with rusted 
wires the repeated loading changed the mode of failure as compared to static 
loading from wire fracture to bond failure, and the ultimate moment was 
reduced about 23 percent. A comparison of beams No. 3, 4, and 5 shows 
that rusted wires sustained a number of load repetitions about 25 to 40 times 
that of clean wires for nearly equivalent loadings. 


Repeated impact tests 

Two rusted wire beams and two clean wire beams were subjected to impact 
loads by dropping a 32-lb weight from various heights at midspan of a 5-ft 
simple beam. Again the pertinent data are shown in Table B. The steel 
strains measured with the aid of a recorder at the gage points shown in Fig. 
A served as a basis for computing the percent of the static ultimate moment 
applied in the impact tests. 

The rusted wire beams demonstrated good resistance to impact. The final 
stress level at each gage point at the weight drop just before bond failure 
was similar to that observed at failure in the static test of the beam prestressed 
with clean wire. 

The results obtained from the tests of the clean wire beams.were not so 
encouraging. Failure occurred at a moment slightly in excess of the cracking 
moment after only five weight drops in both tests. 

As in the repeated load tests, flexural bond stresses built up at midspan 
and then moved toward the beam ends. Failure took place when a peak 


of flexural bond stress reached the prestress transfer region. ‘Thus, flexural 
bond stresses, not the prestress transfer bond, was the primary cause of bond 
failure. 


Vibration tests 

It was felt that relatively high frequency, low amplitude vibrations might 
tend to decrease the prestress force in pre-tensioned wire by virtue of a gradual 
prestress transfer bond failure. Two clean wire beams were therefore placed 
over a 5-ft span and vibrated at frequencies of 940, 1200, 1440, and 1620 
rpm by an eccentric rotating weight at midspan. Ten million cycles resulted 
in no significant changes in the steel strains along the length of wire. 


PRISM TESTS 


Four prisms 2 x 2 in. in cross section and 96 in. long were instrumented in 
a similar manner as those described by the author (Fig. B). A 0.208-in. 
diameter clean wire was placed in the center of the 2 x 2-in. cross section with 
a pre-tension of 150,000 psi. Cylinder strength of the concrete at time of 
stress transfer was 4350 psi. In one prism the wire was released slowly. 
The other three wires were cut while under tension, at distances of 1 in., 
36 in., and 72 in. from an end of the prism specimen, with a resulting sudden 
transfer of stress. The stress transfer relationships, derived in the same 
manner as those presented by the author, indicated that there was little 
difference in the transfer length regardless of the manner of pre-tension 
release. 
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Tensioning Frame 


Release or cut 
Py at this end 
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x- SR4 Type A-| Gages on concrete surface 
Oo- « « A-12-2 Gages on steel 
Fig. B—Test prisms (2 x 2 in.) 




















CONCLUDING REMARKS 


The tests reported in this discussion were conducted to explore the effects 
of dynamic loading on the nature of bond in pre-tensioned prestressed concrete. 
The tests were limited in scope, and quantitative conclusions are not war- 
ranted. However, some general conclusions may be drawn to amplify those 
of the author. A serious loss of prestress due to primary failure of the pre- 
stress transfer bond did not take place in any of the dynamic tests reported 
—even for clean wire. Flexural bond stresses always increased sharply at 
cracking, and bond failures never took place before a concentration of flexural 
bond stress had built up at midspan and moved to the anchorage region near 
the beam ends. Thus, the prestress transfer bond never ‘failed before the 
flexural bond had failed. After extensive failure of the flexural bond, however, 
the end anchorages by bond were unable to permit the beams to act as un- 
bonded beams with mechanical end anchorages. 


AUTHOR'S CLOSURE 


The contributions of Dr. Hajnal-Kényi, Dr. Abeles, and Mr. Hanson are 
valuable in adding further to an understanding of the nature of bond between 
pre-tensioned steel and concrete. It is interesting to note that each has made 
reference in various connections to the importance of the stress-strain proper- 
ties and strength of the steel on the demands placed on bond in a particular 
member. For example, greater flexural bond resistance will be required to de- 
velop the full flexural strength of a beam reinforced with untensioned wire 
of 275,000 psi tensile strength than will be required in an identical member 
in which the steel is pre-tensioned to 150,000 psi. Furthermore, the flexural 
bond requirements of the latter beam will be greater than in a beam, again 
otherwise identical, with the wire reinforcement pre-tensioned to 150,000 psi 
but having a tensile strength of only 210,000 psi. 

As Dr. Hajnal-Kényi has pointed out, the tensile strength of most steels 
commonly used for prestressing could be developed fully in beams of normal 
steel percentage provided the bond is sufficient. However, this is seldom 
the case in practice and a normal tensile flexural failure manifests itself by 
concrete crushing after a flexural crack has widened sufficiently as a result 
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of local bond failure in the immediate mn 


vicinity of the crack. 

Both Dr. Abeles and Dr. Hajnal- 
Kényi have emphasized appropriately 
the undesirability of a bond failure as 
the ultimate mode of failure. A com- 
plete bond failure will always result in 
an ultimate strength below that which 
would result if the bond were adequate, 
and it will occur without warning. 
However, the author feels that increas- 
ing knowledge and additional research 
regarding the nature of flexural crack 
formation and its relationship to bond F | 
will ultimately result in the means 2 ee a 
for the designer to predict the bond- Pus. C~Cee ciate cibitiontiins tar vines cual 
ing performance of steel and concrete in bond studies 
for given design conditions. 

Dr. Abeles’ comments are well taken regarding the unsuitability for design 
purposes of the expression derived from an elastic analysis of the frictional 
bonding phenomenon. The author would like to reemphasize that the elastic 
analysis was merely presented to demonstrate the feasibility of the assumption 
that prestress transfer bond is a result of friction. Of course, the compressive 
and tensile stresses arising from the analysis are beyond the elastic range, 
thus the only value of the expression is to compare the general character of 
the curves shown in Fig. 3 with the experimentally derived curves. 

Dr. Abeles has mentioned British tests in which 0.2-in. diameter wire per- 
formed satisfactorily from a bond standpoint when prestressed members 
were subjected to millions of repeated loads. Most writers discussing fatigue 
testing of prestressed concrete fail to note the extent of cracking at various 
stages of the test. Mr. Hanson’s data show clearly that the fatigue resistance 
of bonded members is a function of the degree of load between the cracking 
load and the ultimate load which would prevail if the bond were satisfactory. 

Dr. Abeles has quite correctly pointed out that the center-point load is 
undesirable if one is investigating the ultimate strength properties of beams. 
The purpose of the tests under discussion was to learn something of the 
character of bond and a center-point load was necessary to achieve some degree 
of crack control. 

The stress-strain curves of the prestressing wires used in the beam tests 
are included in Fig. C. 
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Title No. 50-45 


Practical Aspects of Plant Produced Prestressed 
Concrete’ 


By ORLEY O. PHILLIPS+ 


SYNOPSIS 


Development of plant for mass production of pre-tensioned concrete units is 
described. Versatility and speed of production are essential. Importance of 
close coordination of engineering planning, design, and details of prestressed 
members with the manufacture, handling, and erection is emphasized. Costs of 
prestressed construction are included. 


INTRODUCTION 


Any good structural engineer can master the mechanics of prestressed con- 
crete design. Likewise contractors and manufacturers of concrete products 
can learn the simple procedures of forming, casting, and tensioning prestressed 
concrete members. However, mass production of prestressed concrete units 
that .will meet or beat competition of other building materials in the open 
market is not a simple procedure easily or quickly mastered by either the 
engineer or the manufacturer. 

Prestressed Concrete of Colorado, Inc., Denver, is one of the most versatile 
and successful prestressed concrete plants in the United States. An account 
of the plant’s development and operation to date points out the importance of 
‘areful and thoughtful planning and, above all, the absolute necessity of close 
coordination of engineering planning, design, and details with the manufacture, 
handling, and erection. 

It is believed that the pre-tensioning method is the most adaptable to mass 
production of prestressed concrete members for use in building construction 
with spans up to approximately 40 ft and that, in most cases, longer members 
can best be fabricated by post-tensioning. 


PLANT DEVELOPMENT 


At the Denver plant, the first pre-tensioned prestressed concrete members 
were cast on what is now considered a short, uneconomical bed only 60 ft long. 
However, this bed produced many members and gave both the engineer and 
manufacturer the “know how” to be incorporated in design and construction 
of the large beds now in use. In fact, this pilot bed has been moved to the large 


*Presented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-45 is a part 
of copyrighted JouRNAL OF THE AMERICAN ConcreTE InstiTuTE, V. 25, No. 9, May 1954, Proceedings V. 50. 
Separate prints are available at 35 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Sept. 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 

+Member American Concrete Institute, President, Phillips, Carter, Osborn, Inc., Denver, Colo. 
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Fig. 1—View of pre-tensioning beds. Bed in 
foreground has capacity of 500 kips for entire 
bed with first 60 f capable of holding 1360 
kips. Jacking equipment is in housing at 
center of two beds. Bed at other end is capable 
of holding 260 kips. Twin T-slabs are stock- 
iled at the right; crane at top of picture is 
oading truck directly from bed; and mobile 
lift truck in lower foreground transports con- 
crete from mixer to b 





plant and is still used on some special small work. It was found that although 
the design and construction of a casting bed was comparatively simple, meth- 
ods of anchorage and spacing of wires during pre-tensioning presented many 
difficult problems. Use of anchorage fittings then available on the market 
proved too slow and unwieldy. After much experimentation, anchorage fit- 
tings were developed locally which could be readily applied, rapidly released, 
and re-used many times. 

It was soon evident that for financial success it would be necessary to con- 
struct a larger plant which could produce a large volume of completed products. 
Versatility and speed of production were of primary importance in design of the 
new casting plant. Versatility to allow manufacture of members of various 
cross section, width, and length, and speed to effect economy of production. 
With these primary objectives in mind, the final plan provided for construction 
of casting beds 300 ft long and 10 ft wide with intermediate end anchorages 
spaced at 20-ft intervals (Fig 1). Beds are served by tensioning equipment 
(Fig 2) of 300-ton capacity which handles up to sixty 5/16-in. strands or forty 
3%-in strands in one operation. 

During early operation of the plant all concrete materials were batched at a 
central batching plant and mixed and delivered by transit-mix trucks. This 
procedure was soon revised by installing a paddle type mixer at the batch 
plant and delivering concrete by mobile concrete lift buggies. For the dry 





Fig. 2—Jacking equipment at tensioning end 
of pre-tensioning 





PLANT PRODUCED PRESTRESSED CONCRETE 


Fig. 3—Removal of 40-ft T-section from pre- 
stressing bed. Aggregate hopper and cement 
bin are at end of bed 


concrete mix used (seldom exceeding a l-in. slump), a concrete block plant 
type of mixer is more satisfactory than the conventional drum type of con- 
crete mixer. 

One of the most important factors contributing to the speed and economy of 
production is form construction. Forms must be simple, rigidly constructed, 
and easily cleaned for re-use. To assist in achieving this objective, it is imper- 
ative that the engineer study plant operations so that he is thoroughly familiar 
with production problems to the end that he can incorporate this knowledge 
in design of prestressed members and evolve simple, practical details. 

Although design of the casting plant and preparation of practical design 
and detail drawings of prestressed concrete units are important, in the final . 
analysis, the concrete must be cast, cured, and removed from the forms (Fig 3 
and 4) in the shortest time possible if competition is to be met. The obvious 
answer is high early strength concrete. At the Denver plant this is accom- 
plished by using a dry mix and steam curing. In normal everyday operations 
using only standard Type I portland cement a minimum compressive strength 
of 6000 psi is attained in 24 hr. This high early strength, coupled with efficient 
operation, allows casting of new members on each bed each day. Units cast 
the previous day are removed in the morning, forms cleaned, reinforcement 
installed and tensioned, and new members cast in the afternoon. On one 
casting bed over 1500 sq ft of roof members can be cast each day. Forms for 
a different design may then be installed on the casting bed and the perform- 
ance repeated. 


MEETING COMPETITION 


To successfully introduce prestressed concrete on a large scale into a new 


Fig. 4—Loading completed girder for 

Mississippi Ave. bridge, Denver, at plant for 

transportation to site. Girders are 50 ft long 
and were transported one to a truck 
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TABLE 1—JOB COSTS AND DETAILS 




















: ‘ Cost per | Haul from 
Structure Roof construction Details Total _ sqft | plant to 
area, in place, | job site, 
sq ft dollars | miles 
Refrigerated | Post-tensioned beams and | Post-tensioned beams span 57 ft 37,000 | 1.40 2 
warehouse pre-tensioned double T | Roof slabs span 22 ft 
roof slabs 
TSE TONERS Ee GR 6 at 1:2 te EEE POR A (SEDs ok ES et a a) Tees ees ey 
Junior high Pre-tensioned beams and | Beams averaged 16-ft spans | 20,000 | 1.47 30 
schoo! channel roof slabs Channel slabs 24 ft | 
Elementary Pre-tensioned channel and | Span 30 ft with 30-in. overhang 25,000 1.52 60 
school T-slabs on bearing walls each end | 
Bakery Post-tensioned beams and Post-tensioned beams 80 ft long 12,000 59 6 
| pre-tensioned double T- | Roof slabs span 25 ft 
slabs 
County-fair | Pre-tensioned beams and Beams span 40 ft | 24,000 | 1.35 15 
building | double T roof slabs | Slabs span 20 ft 
Highway | Four-span bridge designed for | Cost in 8 
H20-S16 loading. Post-ten- | _ place 
| sioned girders span 50 ft. above pile | 
Pre-tensioned slabs of 5-ft | caps—5.10 
clear span. Concrete dia- | 
| 


phragms for bracing and 

transverse post-tensioning 

after erection. Roadway 40ft | 

wide, 5-ft sidewalk each side | | 


area, the manufacturer must overcome reluctance of local contractors to ac- 
cept this new building material. This is particularly true in the erection of 
prestressed members. Comparatively few contractors have handled and 
erected prestressed members and consequently are inclined toward higher 
cost estimates when submitting competitive bids on a project where use of 
prestressed concrete is contemplated as either a base bid or an alternate. Con- 
sequently, the manufacturer may find himself priced out of the market before 
his production is well under way. 

To avoid such a serious pitfall, the manufacturer should, for the first several 
jobs, quote the price of his product erected complete in place. Erection can 
be by the manufacturer if he has the equipment and personnel, or he can 
associate himself with a competent contractor who will take an interest in 
carefully planning for the erection at the least possible cost. After it has been 
demonstrated by several successful and economical jobs that prestressed con- 
crete can be placed in competition with other building materials, the local 
construction industry should realize that handling and erection of prestressed 
members do not present a difficult and costly problem. Although it is essential 
that the manufacturer undertake erection of the first several jobs as an educa- 
tional program, it would be unwise for him to enter into competition with 
local contractors by bidding on a complete project. The manufacturer 
should only submit sub-bids to contractors or have a separate contract with 
the owner only for furnishing and erecting the prestressed members. 

Although final cost of prestressed concrete installed in a project will vary in 
different parts of the country in direct relation to the cost of labor and mater- 
ials, costs of installations completed in the Denver area are indicative of what 
may be expected (Table 1). 
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Void Spacing as a Basis for Producing 
Air-Entrained Concrete’ 


By T. C. POWERST 


SYNOPSIS 


Basic studies show that the function of entrained air is to protect the 
paste and that the effectiveness depends on the distance from void to void in 
the paste. Freezing and thawing tests show different mixes have nearly 
equal frost resistance when the spacing factor is about 0.01 in. The amount 
of air required for a given spacing factor is directly proportional to the paste 
content and is greater the smaller the specific surface of the air voids. 

The void system is made up of relatively coarse natural voids and en- 
trained bubbles. Characteristics of natural voids vary with aggregate grad- 
ing, consistency, and other mix characteristics. With a given amount of air- 
entraining agent in the mixing water, the amount of entrained bubbles is 
smaller the greater the quantity of cement or other fine solids in the water. 

A procedure is suggested for designing a fixed spacing factor where such 
procedure is economically feasible. 


INTRODUCTION 


For about 15 years the performance of air-entrained concrete in the field 
and laboratory has been observed. Results have been satisfactory, especially 
in pavements. Even if the art should remain in its present stage of develop- 
ment, we could consistently produce concrete superior to that made prior to 
the use of air-entraining agents. However, the art of producing air-entrained 
concrete need not remain in status quo. Laboratory research has made such 
progress that we may now introduce refinements where they are economically 
feasible. 

During the early days of air-entrained concrete, laboratory evidence showed 
that the amount of air required for high frost resistance was about 3 percent 
of the concrete volume. To assure obtaining that minimum a holding point 
of about 41% percent was adopted. To prevent undue loss of strength, the 
upper limit was fixed at 6 percent. Later it became apparent that some mixes 
should have a higher air content than others. For example, it was found that 
concrete made with small aggregate required more air than concrete made with 
aggregate graded to larger sizes. Also, it was found difficult to hold the air 
content at the desired value. Both in the laboratory and field, concrete engi- 
neers noticed that the air content of a given concrete mix was subject to 

*Presented at the ACI 50th annual convention, Denver, Colo., Feb. 24, 1954. Title No. 50-45 is a part of 
copyrighted JouRNAL oF THE AMERICAN ConcreTe INnstiruTe, V. 25, No. 9, May 1954, Proceedings V. 50. 
inter than Sept. 1, 1054. Addrese 18269 W, McNicwols Rd Detroit, 19 Mich, ot “enh the Institute not 
isk Baseeer tahgeee pany aaneeer, Basic Research Section, Portland Cement Assn., Research 
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variations even when the amount of air-entraining agent was kept constant. 
The air content decreased as the cement content increased; it changed with 
the consistency of the mix; it changed with the method and time of mixing 
and transporting the concrete; it varied with the grading of the aggregate, 
especially with the sand grading and the percent sand in the aggregate; and 
it varied with ambient temperatures. Somehow it came to be believed that 
all variations in air content have the same effect on frost resistance as varia- 
tions produced by changing the amount of air-entraining agent. Although 
this belief was not founded on confirming data, it led to the practice of trying 
to offset each variation in air content by manipulating one factor or another 
known to influence air content. At least it led to the recommendation of such 
practice. 

Studies to be dealt with in this paper show that complicating the pro- 
duction of air-entrained concrete by trying to maintain a fixed total air 
content under all conditions is not technically justified. The way to refine- 
ments in control of air-entrained concrete lies in another direction. 

The purpose of this paper is to outline what now seems to be the next 
logical step in refining the production of air-entrained concrete. We shall 
attempt to show that the step should be that of adopting a void-spacing factor 
as the basis for specifying and controlling air-entrained concrete. It will be 
shown also that nothing should be done by way of field control of some of the 
variable factors just mentioned until more is known about them. 

The suggestions developed in the following pages rest in part on what 
has been learned in recent years of research concerning the mechanism of 
frost action in hardened cement paste. This may seem to be overlooking 
perhaps 75 percent of the problem, since aggregate makes up about that 
percentage of the volume of concrete. Certainly production of durable 
concrete includes selecting suitable aggregates. Nevertheless, the function of 
entrained air is that of protecting the paste. It cannot protect the aggregate 
except to the degree that protecting the paste protects the aggregate. There- 
fore, the problem of designing and producing air-entrained concrete is one 
apart from the problem of selecting durable aggregates. 


RESULTS OF BASIC STUDIES 


Air voids in air-entrained concrete exist as numerous discrete cavities, 
the walls of each cavity being composed of cement paste. The function of 
entrained air in concrete is to prevent expansion of the surrounding paste 
during freezing. We have demonstrated experimentally that the effective- 
ness of the air voids depends on the thickness of the layers of cement paste 
between them. When the voids are sufficiently close together, the paste does 
not expand when it is frozen. With wider spacings, expansion occurs, the 
amount of expansion being greater the wider the spacing. 

The mechanism by which the voids prevent expansion is now believed to 
be understood. It is a complex mechanism and will not be discussed in detail 
in this paper. Suffice it to say that the voids perform two functions: (1) 
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they limit the hydraulic pressure in the paste during the initial stages of 
freezing, as postulated in two previous papers,':? and (2) they limit or prevent 
the growth of microscopic bodies of ice in the paste while the temperature 
is below the normal freezing point.* Each void may be considered to be sur- 
rounded with a thin “shell” of paste within which conditions producing 
expansion cannot develop. By crowding the voids together, the protected 
shells around them may be made to overlap so that all the paste is protected. 
When this condition exists, freezing causes the paste to contract rather than 
to expand. 

A method is now available for obtaining data necessary for computing the 
average thickness of the intervoid layers of paste in concrete. A method of 
computing spacing factors by two formulas used together was offered earlier 
by the author? and another method was described by Willis. Willis’s method 
gives, theoretically, the actual average distance between the voids. The 
author’s method does not give actual spacing, but it does give useful spacing 
factors that are about proportional to the actual average spacing. At the 
present stage of development of this subject, the author’s spacing factor 
serves as well as would a measure of the actual average distance for establish- 
ing useful empirical relationships. 


FREEZING AND THAWING DATA 


Besides experimental studies clarifying the mechanism of frost action in 
cement paste, laboratory freezing and thawing test results were published 
by Klieger® from which an empirical relationship between the spacing factor 
and relative frost resistance could be determined. The nature of the relation- 
ships found is shown in Fig. 1. The relative frost resistance is plotted against 
the reciprocal of the computed spacing factor 1/L for a group of concrete 
mixes made with various amounts of air-entraining agent ranging from zero 
upward. Each curve represents mixes having about the same water-cement 
ratio, the average values being indicated in the inset of Fig. 1. Eight such 
curves were established but to avoid confusion only four are shown. The 
different water-cement ratios reflect differences in the cement content of the 
mix, size range of the aggregate, and to a minor degree differences in amounts of 
entrained air. The measure of frost resistance is the average expansion per 
cycle of freezing and thawing for a total expansion of 0.1 percent. The higher 
the point on the graph the lower the resistance. 

The uppermost point on each curve represents a mix with no air-entraining 
agent. Notice that it conforms well to the curve established by the rest 
of the points. This indicates that the spacing factor has the same significance 
whether or not an air-entraining agent is used. 

Another significant point is that any reasonable extrapolation of a curve 
to the zero ordinate indicates that the rate of expansion of non-air-entrained 
concrete would be much higher than it is if such concrete contained no voids 
at all. At higher water-cement ratios the indicated rates of expansion for 
1/L = 0 are perhaps a hundred times as high as the rate for the non-air- 
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entrained mix. This shows that the voids normally present in concrete have 
a pronounced beneficial effect; if they were not present, concrete would dis- 
integrate quickly when frozen and thawed in the water-soaked state. 

Theoretically, each curve in Fig. 1 should begin at a point that is higher 
the larger the amount of water that can be frozen in the paste at the 
lowest temperature reached in the test. The beginning point (at 1/L = 0) 
represents the expansion of an infinitely large specimen containing no air 
voids. Expansion on freezing would be at least equal to the increase in 
absolute volume of the water that freezes. Estimations of the possible 
absolute-volume increases confirm the trends shown by test data. For 
example, the terminus of the curve through the triangles (Fig. 1) would be 
approximately at 8000 millionths and 1/L = 0. 


Introduction of voids reduces expansion by the two mechanisms referred 
to in the preceding section. If the voids are relatively far apart so that 
only a small reduction from the possible maximum expansion is effected, 
the rate of expansion will remain higher the higher the capacity of the paste 
for freezable water. But when the spacing factor is in the neighborhood 
of 0.01 in. (1/LZ = 100), the rates of expansion are reduced to about the same 
level regardless of the differences in capacities for freezable water (Fig. 1). 

These relationships are brought out in a different way in Fig. 2. Here 
the average rate of expansion is plotted against the freezable water capacity 
of the paste. Values used for capacity were computed from the porosity of 
the paste on the assumption that the capacity for freezable water at the 
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Fig. 2—Average rate of expansion (for 0.1 
percent expansion) and calculated freezable 
water capacity for various spacing factors 
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lowest temperature of the test was equal to two-thirds of the total porosity. 
(The relationship between freezable water capacity and porosity has not yet 
been established exactly.) Fig. 2 shows how the average rate of expansion 
changes with change in freezable water capacity of the paste while the void- 
spacing factor is held constant. The values plotted were obtained from eight 
curves, including those shown in Fig. 1. The tendency of the effect of variables 
other than the spacing factor to fade out of the picture as the spacing factor 
becomes smaller is clearly shown. 


Although theoretical relationships are far too complex to permit a pre- 
diction of the relationships shown in Fig. 2, they are compatible with theo- 
retical considerations. The variable factors that determine the effect of freez- 
ing in the paste, such as capacity for freezable water, permeability, strength, 
and the ratio of gel pores to capillary pores, are so related to paste porosity 


that it is possible for them to practically cancel out under some circumstances, 


leaving the spacing factor the controlling variable, as is seen to be the case 
in Fig. 1 and 2. 

Practical significance of these data is illustrated perhaps more clearly in 
Table 1 which shows the resistances at given spacing factors in terms of the 
number of cycles required for 0.1 percent expansion. In comparing the 
figures given in the last three columns, we should keep in mind that some 
of the mixes represented were lean and some were rich; some mixes were 
made with aggregate as large as 2) in., and one mix had no coarse aggregate 
at all. The average size of the air voids in some mixes was small; in others 
it was large. Nevertheless, the frost resistances of these different mixes as 
measured in the laboratory were nearly the same when their respective 
computed spacing factors were the same and not larger than about 0.01 in. 
Notice, for example, that with a spacing factor of 0.0091 in., the lowest 
resistance is 17 percent below the average and the highest, 20 percent above 
the average for the whole group. 
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TABLE 1—FROST RESISTANCE WITH SPACING FACTOR CONSTANT 


| } : 
Cement Maximum acupspayete | Number of cycles required for 1000 X 10-6 

















content, size 0} (1/10 percent) expansion at designated 1* 
sacks per aggregate, . CEI ESS ha eS Sea Acai ar" ee a 2a 
eu yd in. | gal. per sack | by weight 0.011 | 0.0091 0.0083 
os 2% 4.1 | 0.36 330 385 420 
7 1% 4.2 0.37 320 415 465 
7 34 4.4 0.39 280 345 380 
7 4% 4.8 0.43 270 360 380 
7 | No 4 5.9 0.52 | 22 320 | 380 
4 2% 6.0 0.53 300 385 425 
4 1% 6.2 0.55 310 410 450 
4 34 7.0 0.62 320 465 500 

| Ave | 204 | 386 425 








*I is given in inches. 


Spacing factors shown in Table 1 are those obtained from using entrained 
air ranging from about 2)% to 9 percent of the concrete volume. Air contents 
of the same mixes without an air-entraining agent ranged from about 1 to 
8 percent with spacing factors ranging from 0.02 to 0.04 in. Without en- 
trained air the frost resistances ranged from 9 to 95 cycles for 0.1 percent 
expansion. The average for the 4-sack mixes was 14 and for the 7-sack mixes, 
71. With the amounts of entrained air required to produce a spacing factor 
of 0.0091 in., average resistance for 4-sack mixes was 420 cycles and for 7- 
sack mixes, 365. Thus, we see that when the spacing factor was fixed in the 
proper range the frost resistance of all mixes increased to about the same level. 


In addition to the eight curves on which Table 1 is based, four of which 
are shown in Fig. 1, two other curves were obtained that could not be included 
in the relationship discussed above. They did not converge with the other 
eight. They represented mixes containing 4 sacks of cement per cu yd of 
concrete, with the aggregate of one graded to the No. 4 sieve and the other 
to 34-in. maximum size. The water-cement ratios were in the neighborhood of 
10 gal. per sack of cement (0.9 by weight). These deviations give warning 
that the empirical relationships on which Table 1 is based have limited 
validity; they should not be expected to apply to mixes far outside the normal 
range. Since the relationships underlying Table 1 are empirical, it is difficult 
to say what fixes their limitations. Voids in the mixes that did not conform 
were extremely coarse. Perhaps the specific surface of the voids (discussed 
later) is not an adequate function of void-size distribution for computing a 
spacing factor for extremely coarse voids comparable with the spacing factors 
computed for normal voids. Water-cement ratios were high; perhaps the 
balance between variables that leaves the spacing factor in control of normal 
mixes does not exist at such a high level of water-cement ratios. 


Results shown in Table 1 probably represent the minimum frost resistance 
to be expected from the materials used, for the specimens had never been 
allowed to dry prior to the first freezing. Another group of specimens were 
allowed to dry 14 days and then were water-soaked for three days prior to the 
first freezing. These specimens generally showed a higher level of frost resist- 
ance than is indicated in Table 1; moreover, the variations at a given spacing 





AIR-ENTRAINED CONCRETE 747 


factor were wider. For the particular schedule of drying and soaking used 
in Klieger’s tests, a fixed spacing factor in the neighborhood of 0.01 in. gave 
the highest frost resistance with mixes of medium water-cement ratio. 

The particular relationships just mentioned must be characteristic of the 
degree of drying and resaturation produced in the pre-freezing treatment. 
We should expect that the longer the period of soaking after partial drying, 
the more nearly will the performance be like that of continuously-moist 
specimens. Therefore, it is prudent to use a spacing factor that will protect 
the paste when the paste is thoroughly water-soaked. 

Data just reviewed can hardly have any meaning other than that design 
and control of air-entrained concrete should rest on the basis of void spacing. 
However, accustomed as we are to basing judgment on large volumes of 
data, the eight items of Table 1 may not seem to be impressive or wholly 
convincing. If so, the following remarks might be taken into consideration. 

As already mentioned, these data show a relationship compatible with 
what is known about the physical structure of hardened paste and the freezing 
of water in the paste. Such studies have taught us that the effectiveness of the 
voids in any given paste must be a function of the distance between the 
voids. We have learned that either the capacity of the paste for freezable 
water must be near zero or else the paste must in effect be subdivided into 
thin layers if it is to escape destruction by hydraulic pressure or by the growth 
of ice bodies in the capillary cavities. Having obtained this knowledge, we 
sought and found means for measuring void spacing so that we could learn by 
test how void spacing actually is related to frost resistance. The first data 
that could be used for establishing this relationship were those published by 
Klieger; results are those given in Fig. 1 and 2 and Table 1. 

Thus, the underlying principles of this paper were not derived from Klieger’s 
data but from more than 15 years of basic research into the nature of hardened 
portland cement paste. 


Further on it will be shown that these findings are not at odds with the many 
sarlier data showing that most concretes in which air-entraining agents are 
used should have an air content between 3 and 6 percent. Hence, to accept the 
indications of Klieger’s data, we are not required at the same time to refute 
other data previously considered reliable. 


We need now to examine these findings to see whether current practice 
is satisfactory, or whether it needs modification. We shall see that current 
practice is satisfactory under some conditions but needs modification for 
other conditions. 


RELATIONSHIP BETWEEN AIR CONTENT AND SPACING FACTOR 


The following two formulas give the relationship between air content and 
spacing factor. When the volume of paste (cement plus water in the fresh 
mix) does not exceed 4.33 times the total volume of air voids (not counting 
voids within the stone particles) the relationship is 
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Air requirement 1/L cement, in = iia 
: —————— al. per sack + 3.56 
as fraction of = specific surface X | sacks per = (A) 


concrete volume of voids cu yd 202 





When the volume of paste exceeds 4.33 times the volume of air, the relation- 
ship is 
gal. per sack + 3.56 
= cate. Ga 


F ¥ 3 
0.364 (Z + 1) ag 


where a = specific surface of air voids in sq in. per cu in. of air, or in. 





Air requirement (sacks per cu yd) X 
as fraction of = - 


concrete volume 





The same formulas in weight units are: 





A _ 1 C 0317 + W/C (A’) 
7  —_— ete tines paces Sats . wy S 
0.317 + W/C 
(C/V.) womans and a 
tage __ ie ike 2) oer Rae SE et ee 
Ve 3 
0.364 (E + 1) = 
3 
where A = volume of air, cu yd 
V. = volume of concrete, cu yd 
C = cement, lb 
W/C = water-cement ratio, by weight 
a = specific surface of voids, sq in. per cu in., or in.~! 
L = spacing factor, in. 


Need for two formulas arises from the limitations of the assumptions 
made in developing them. Both give indicated spacings that exceed the 
actual spacing, and the amount by which the spacing factor exceeds the 
actual average spacing is not constant. When using formula (A) the divergence 
increases as the ratio of paste to air decreases; with formula (B) the divergence 
is opposite—it decreases as the ratio of paste to air decreases. Hence we use 
~the formula that gives the smallest factor and thus stay as close as possible 
to the correct value. The two formulas give the same factor when the volume 
ratio of paste to air, p/A = 4.33. (For a further discussion see reference 2.) 
When L = 0.01 in., a = 433 when p/A = 4.33. Hence, formula (A) applies 
when LZ = 0.01 in. and the specific surface of the voids is 433 in.-! or higher. 
Factors taken into account by these formulas can be shown in terms of 
formula (A’). The basic relationship is 


- = = BERN ae EATS a sh a a aie in tae (1) 
where p = paste content of the concrete, volume fraction, and the other symbols are 
as given above. 
By letting L = 1/100, we obtain 
A 100 
v, = —- TSN i Fao PRA AES Che NE oa a ie. WETS alk EMEA Soe ir (2) 


The paste content can be expressed in terms of the water-cement ratio and 
the cement content of the concrete as follows: 
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C 0.317 + W/C . 
p= V. x 1685 swe ‘6s a's wae (3) 
and combining Eq. (2) and (3) yields formula (A’). 


Solutions of formulas (A) and (B) to give air requirements for a spacing fac- 
tor of 0.01 in. are listed in Table 2. This table applies to mixes of all kinds 
within the range suitable for frost-resistant concrete. 


The amount of air required to produce a given spacing factor depends on 
two independent variables: (1) the paste content, and (2) the specific surface 
of the voids. When the specific surface of the voids is the same in different 
mixes, the air requirement for a given spacing factor, is for either formula (A) 
or (B), directly proportional to the paste content. As shown in Eq. (3), the 
paste content is a simple function of the cement content and the water- 
cement ratio. With the cement content constant, the water-cement ratio 
depends on the relative consistency, on the maximum size to which the aggre- 
gate is graded, and, to a lesser degree, on the shape of the aggregate particles. 
It does not matter what combination of these variable factors is responsible 
for the existing cement content and water-cement ratio, 7.e., differences in 
maximum size of aggregate or consistency need not be taken into account 
explicitly. 


For a given paste content the air requirement is inversely proportional 
to the specific surface a, where formula (A) applies, and to a more complex in- 
verse function of a, where formula (B) applies. If a were the same for all 
mixes, or if its variations were practically insignificant, the air requirement 
of all mixes of a given class would be practically the same. 


The reader will notice that to use Table 2 he must know a, the specific sur- 
face of the voids. Before going further, let us consider some aspects of Table 2 
on the assumption that a is known and constant. In Table 3 are some examples 
to show how the formulas apply to typical concrete mixes. 


Since a was assumed to be 550 in all cases, the differences in air require- 
ment reflect only the difference in paste content. Air requirements computed 
on this basis are in the range that has been established by many laboratory 
tests. They are like those now used in practice. 


In some cases, however, computed air requirements appear to be too low. 
For example, mix No. 1 being lean is liable to require more than 4 percent 
entrained air for a high degree of frost resistance. This is because a is not 
likely to be as high as 550. If a were 400, the computed air requirement 
would be 6.3 percent. For mix No. 6 also the computed air requirement 
seems too low; generally air contents exceeding 6 percent are required to 
produce high resistance in a mix such as this. Again, the reason is that a 
is liable to be below the average for normal mixes because, as will be seen 
farther on, of the high sand-cement ratio. 


In Kansas, available sand and gravel aggregates range in size from about 
the No. 50 minimum to % in. maximum. For paving concrete, about 64% 
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TABLE 2—AMOUNTS OF AIR REQUIRED FOR 0.01-IN. SPACING FACTOR 


















































Sacks | Air requirement for voids having specific surfaces (in.-!) indicated, percent of concrete volume 
per We nl saa nes (snare ale act Be uicssobualadeeciapeniks taahtnsgeddbegmadmte 
ou yd 300 350 | 400 | 450 | 500 | 550 600 | 700 | 800 
4 gal. per sack 
8 | 16.0 | 11.0 | 8.4 6.7 | 6.1 | 5.5 | 5.0 | 4.3 3.8 
7 ae | C8o4 te ee © pane * ae eee 3.8 3.4 
6 | 12.0 | 83 | 6.3 5.0 4.6 att oe f S28 2.9 
4) gal. per sack 
: —— — - We — ' | Sb bipeniioe 
eh ee ae ee Ga = Go tee eee ee | 5.4 | 46 | 4.0 
7 at ee.) Cel te os -7) ee ae | 4.0 3.5 
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Pim SET a Mee JTRS SESS See 
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ne Siege PA nile an | pe 
8 18.1 12.6 9.5 | 7.6 6.9 62 | 5.8 | 5.0 | 4.3 
7 15.8 11.0 os. | 2s 6.0 | 5.5 | 5.0 ss 1.28 
6 13.6 9.4 2 es ee Se is eee ie | ae te Be 
5 11.3 7.8 6.0 | 4.8 4.3 3.9 36 | 3.1 | 2.7 
5% gal. per sack 
s | 19.5 | 13.9 10.3 s1 | 2.2 6.6 6.1 | 5.2 er 
7 | 17.0 12.0 9 7.0 6.3 5.7 5 | 4.5 3.9 
6 | 14.6 10.4 7.7 6.1 5.5 5.0 46 | 3.9 | 3.4 
5 12.2 8.7 6.4 5.0 4.5 4.1 3. 3.2 2.8 
6 gal. per sack 
8 20.1 14.0 10.6 8.5 7.7 7.0 | 4/1 04 "bat 
7 17.7 12.2 9.4 7.4 6.7 6.1 ee eee ee ey 
6 15.1 10.5 8.0 6.4 5.8 5.2 4. | 4.1 3.6 
5 12.6 8.8 6.6 5.3 4.8 4.4 4.0 | 3.4 3.0 
4 10.0 7.0 5.3 | 4.2 3.8 3.5 | 53s 4. SO eh 28 
| | 
6% gal. per sack 
are ie * Ch a ste fe “ Aa Se se ae 4 T = 
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6 | 18.3 11.6 | 8.6 6.7 6.1 | 5.5 5.0 * oe oe 
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: a Pe FS 
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8 23.7 16.9 12.5 9.8 8.9 8.0 7.4 | 63 | 5.5 
7 20.7 14.8 11.0 8.6 7.8 7.0 6.5 | 5.5 4.8 
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5 14.8 10.6 7.8 6.2 5.5 5.0 ya ee ee ee 
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| 
| 
| 


sacks of cement per cu yd are used with about 5% gal. of water per sack. 
If we assume a = 550, the computed air requirement is 4.6 percent. However, 
these mixes without an air-entraining agent normally have air contents as 
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TABLE 3—EXAMPLES OF AIR REQUIREMENTS WITH 
SPECIFIC SURFACE OF VOIDS CONSTANT 








| | | 
Maximum | Cement | Water-cement | Specific void | Air 
size | content, ratio, gal. per surface | requirement, 
aggregate | aggregate, | sack | gack, and by a, in,-! percent 
| in. weight 


sand and gravel 


sand and gravel 
sand and gravel 


crushed stone 
and natural sand 
natural sand 
and gravel 
natural sand 





high as 4 percent. Hence it might seem that a small amount of air-entraining 
agent would produce concrete having a high degree of frost resistance. In- 
deed, if the amount of air were all that counted, resistance would be relatively 
high without added air. The fact is that without an air-entraining agent 
these concretes have low resistance.’ High resistance is obtained only by 
using air contents considerably higher than 5 percent; 7 to 8 percent seems to 
be indicated. 

Measurements of the air voids of this type of concrete show that when 
no air-entraining agent is present a generally lies below 300. Repeating the 
calculation using this figure, we obtain 13 percent as the air requirement. 
This result is not to be used, however, for it fails to take into account the in- 
crease in a brought about by the fine bubbles produced by an air-entraining 
agent. (See additional discussion in following section.) That is, when an air- 
entraining agent is introduced, the average void size becomes smaller and a be- 
comes larger. If, for example, a becomes 400, the calculated air requirement 
becomes 7 percent. 

These examples serve to show that under some circumstances deviations 
from the average size characteristics of the voids cannot be ignored if a 
chosen spacing factor is to be obtained. It is necessary, therefore, to know 
something about the causes of deviation from average characteristics. 


AMOUNT OF AIR AND SIZE CHARACTERISTICS OF VOIDS 


By size characteristics we mean average size, and size distribution around 
the average—these presumably being the factors that determine the average 
distance between the voids at a given total air-void content. In this paper, 
the author assumes (for reasons given above) that the specific surface of the 
voids is an adequate function of the average size and size distribution for the 
practical range of concrete mixes. 

Although the pertinent problems in geometry have been solved and the 
necessary laboratory instruments have been devised,*:*:!*!-!? little has been 
published on the factors governing void characteristics. Reports of research 
deal principally with the factors that control the amount of air. However, 
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some facts are at hand that can serve as a guide until more is known about the 
subject. 

Comparison of sections of concretes made of the same materials, with and 
without an air-entraining agent, indicates that the voids present when an 
entraining agent is not used are also present when the agent is used. There- 
fore, in air-entrained concrete the voids are of two kinds: those normally 
present, which may be called “‘natural voids,”’ and those introduced by means 
of the agent, which may be called “bubbles.” Differences in void-size char- 
acteristics among different concretes reflect differences in the two kinds of 
voids or differences in the relative proportions of the two. Some of the factors 
that determine the characteristics of the composite void system will now be 
discussed. 


Natural voids in concrete 

Natural voids in concrete may differ widely in amount and size among 
different mixes. Why this is so may be seen in part in Fig. 3, which is based 
partly on data reported by Blanchette.’ It represents a certain concrete 
mix and shows the effect of adding water on the air voids in the mix. At 
ordinate zero, the air voids are those in the mixed dry materials, which ma- 
terials include the cement. Introducing a little water, ordinate a, increases the 
air voids by the well known bulking effect. Further increases in water cause 
the air content to reach a maximum and then to decline as water gradually 
replaces the air. At ordinate b the range of plastic mixes is reached, the slump 
being about 1 in. or a little less. At ordinate c the mix is “inundated” and 
the air voids have all but disappeared. Practical consistencies for concrete 
are produced with water contents lying between b and c. Each different 
concrete mix will produce a diagram of this type, each diagram being character- 
istic of the particular granulometric composition that it represents. 

Thus, we see that the amount of air found normally in concrete—the 
natural void content—is not a matter of chance; it is a definite characteristic 
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of the granular system and the compaction method. Factors that influence 
the void content of the mixed dry materials determine also the position of 
the tail of the graph that extends into the range of plastic mixes. The amount 
of air found in this range as well as the coarseness of the voids is a function 
of the make-up of the mix and its relative “wetness.’”’ Of course, particle 
shape is a factor. We should therefore expect the natural voids in various 
mixes to differ as they do. 


As said before, much remains to be learned about void characteristics. 
We know, however, that the relative amount of fines in a mix is a principal 
factor. In general, the smaller the ratio of cement to fine aggregate, the more 
the air and the coarser the voids at a given consistency. Usually the coarse 
aggregate plays a minor role; void characteristics are determined principally 
by the fine end of the grading. Hence, we find a relationship such as that 
shown in Fig. 4, which represents some of the data on the same materials 
described in connection with Table 1. Amounts and sizes of coarse aggregate 
in the different mixes vary widely; nevertheless, a fairly definite relationship 
exists between the specific surface of the voids and the ratio of sand to cement. 


The relationship shown in Fig. 4 applies only to the particular sand used 
in these mixes. Though similar data for other sands are not available, we be- 
lieve it safe to surmise that at a given sand-cement ratio and at a given con- 
sistency the coarser the sand the higher the air content and the coarser the 
voids—the lower a. The Kansas sand-gravel mixes are a case in point. 
Entrained bubbles 

We know little about the characteristics of entrained bubbles other than 
that their average size is usually considerably less than the average size of 
natural voids. Effects of temperature, method and time of mixing, type of 
air-entraining agent, and other factors, remain to be investigated experi- 
mentally. 

Experiments conducted in the Portland Cement Assn. laboratories throw 
light on factors controlling the amount of air entrained by a given quantity 
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of agent. Neutralized Vinsoi resin (NVX), water, and cement were mixed 
in various proportions by means of a high-speed stirrer. Fig. 5. shows the 
amounts of air entrained with given concentrations of NVX in the presence 
of different amounts of cement. The ordinate A/W is in cu em of air per g 
of water and the abscissa C/W is given in g of cement perg of water. These 
experiments showed that with a given amount of NVX the maximum amount 
of entrained air was obtained when no cement was present* (Fig. 5 at ordinate 
zero). The curves show that introducing cement always reduced the amount 
of air bubbles. When the weight of cement reached about 3 g per g of water 
(W/C = 0.33), little air could be entrained. 

Fig. 6 shows the same data in a different way. This may be compared 
with similar curves obtained from concrete mixes. A comparison shows that 
an increase in air content with decrease in richness of a concrete mix is 
found also when paste is used without aggregate; the lower the cement 
content of the paste, the higher the air content for a given amount of agent 
per unit of cement. 


Reduction of entrained air by cement is apparently a matter of compe- 
tition for water. During mixing, water tends to distribute itself evenly 
among the particles, or the particles tend to occupy all the water-filled space, 
whichever way you prefer to look at it. To form a bubble, a small amount 
of water must in effect separate from the paste and remain in a boundary 


*When no cement was used, the NVX was mixed with saturated limewater with a small amount of excess lime 
resent to maintain saturation. The resulting insoluble precipitate and not the original sodium resinate seems to 
the active agent. : 
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film. The greater the number of cement particles (or other fine mineral 
particles), the smaller the amount of water that can be held in bubble 
boundaries. It follows that materials of low specific surface have relatively 
little effect on the entrainment of air, except as they aid in the mechanical 
process of forming bubbles during mixing. 

The author believes that variations in air content reported as being caused 
by variations in sand grading are probably due to variations in natural voids, 
as already discussed. When the amounts of cement and air-entraining 
agent are fixed, the amount of air added by the agent is about the same, 
regardless of the volume of natural voids. Thus, a given air-entraining 
agent adds about the same amount of air to a Kansas sand-gravel mix with 
4 percent natural voids as it does to an ordinary mix with 1 percent natural 
voids, if the water-cement ratios are alike. 

Composite system of voids 

As already brought out, air-entrained concrete mixes may be thought of 
as containing two kinds of voids: the natural voids and the bubbles. Natural 
voids may be either fine or coarse but are usually coarser than the bubbles; 
they have a relatively low specific surface. A limited amount of data indicate 
that the specific surface of the composite system of voids may be as low as 
300 and as high as 800 in.-! 

Table 2 shows that extreme differences in void characteristics call for large 
differences in air content for the same spacing factor. Some of the indicated 
air requirements are impossibly high, showing that when the voids are ex- 
tremely coarse small spacing factors cannot be obtained. 


On the other hand, in different mixes the specific surface of the composite 
voids may differ considerably without large differences in the air requirement. 
For example, consider a mix containing 5 sacks of cement per cu yd and 6 
gal. of water per sack of cement. . Calculations show that if a = 500, the air 
requirement for a spacing factor of 0.01 in. is 4.8 percent, and if a = 800, 
the air requirement is 3.0 percent. If a is 800 and the air content 4.8 percent, 
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the spacing factor is 0.0062 in. Thus, an increase in a above that for which 
the mix was designed would improve the frost resistance of the paste. The 
principal undesirable effect is a loss of strength. This could be avoided if 
the mix were adjusted for the fineness of the voids. 


On the other hand, if a should vary downward, say from 500 to 400, the 
air requirement will increase from 4.8 to about 7 percent. If the air content 
were allowed to remain at 4.8 percent, the spacing factor would rise to about 
0.015 in. This would materially reduce the degree of protection of the paste, 
although the frost resistance would still be better than that of the plain mix. 

Even though knowledge of void characteristics is inadequate, it seems 
clear that the specific surface of the composite system of voids can vary 
widely when different materials and mixes are used. The specific surface of 
the natural voids is especially liable to be different when using different 
materials and can be expected to be lower than the average for the composite 
system. If the total air content is held the same for all materials, substantial 
differences in spacing factor are to be expected. How serious the effects of 
these variations might be and what might be done about them are discussed 
in the following section. 


SUGGESTED PROCEDURE 
Limitations of present procedure 

When we specify the air content of air-entrained concrete to be 4) percent 
or thereabouts, we assume, in effect, that the paste content of the concrete 
p and the size characteristics of the voids a are constant. Also, we assume 
tacitly that with the resulting p and a the specified amount of air will pro- 
duce a spacing factor that is low enough. 

The latter assumption is based on many laboratory tests giving the air 
requirement directly for a given degree of resistance. The specified amount 
of air therefore reflects the average characteristics of the materials used in 
laboratory tests. Thus, specifications are based on the average paste content 
and average void characteristics represented in the data which were con- 
sidered in fixing those specifications. Since for the most part practical mixes 
were used, the basis for specifying air content is fairly sound. 

This is particularly true of state or federal specifications for paving mixes. 
Many laboratory tests were made on mixes of the type produced under 
such specifications. Most paving mixes probably have cement contents 
and water-cement ratios not far from the average for all paving mixes. 
Specifications for fine aggregate and for mix consistency tend to produce 
concretes that are relatively uniform with respect to the amount and size of 
the natural voids. These mixes, being rich in cement, are relatively insensi- 
tive to variations in sand grading and sand-cement ratio. Differences in air- 
entraining agents do not yet appear to be large. All these circumstances 
account for the degree of success that has been achieved in using entrained 
air in paving concrete under fixed-air-content specifications. 

Nevertheless, we know that under these specifications the frost resistances 
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are not always equal when equal total amounts of air are present. We can 
say this even after excluding such outstanding exceptions as the Kansas 
mixes. As pavements made with air-entrained concrete grow older, differ- 
ences in frost resistance will probably become apparent. It would seem 
prudent, therefore, to take the steps required to ascertain the nature of the 
voids produced even under conditions where departures from average mix 
characteristics are relatively improbable. Such precautions would assure 
uniformity of benefits from entrained air and could be justified economically 
where large expenditures for concrete are involved. 


Success in producing paving concrete under a fixed-air-content specification 
should not lead us to expect equal success with that method applied to 
concrete in general. When different aggregate sizes are involved, differences 
in paste contents become significant. When grading specifications are loose 
or enforcement is lax, lack of fines in the sand is liable to produce coarse 
natural voids. Coarse voids should be expected when using lean mixes made 
with coarse sands, especially when the sand percentage is increased to com- 
pensate for its coarseness. Mixes of dry consistency are likely to have coarse 
natural voids. Powdered mineral admixtures are likely to reduce the 
size and amount of natural voids and thus alter the air requirement. If the 
total air is held constant, all such factors are bound to give nonuniform 
spacing factors and hence various degrees of frost resistance. 


When differences in paste content, and especially differences in the specific 
surface of the voids are probable, the same fixed air content used for paving 
mixes certainly should not be relied upon. Formulas discussed in this paper 
provide a reliable means of adjusting for differences in paste content and 
enable us to make allowance for differences in void characteristics. On 
large projects the necessary preliminary investigations could be justified. 
Suggested procedure 

To produce air-entrained concrete on the basis of a fixed spacing factor, 
we must know in advance what conditions to maintain to produce the 
desired spacing factor. Trial batches must be made using the same materials 
and consistencies that will be used on the job. This is a laboratory operation 
for which the method by Brown and Pierson‘ is now available. Other methods 
are being developed. A suggested procedure for establishing a holding point 
for a given project is as follows: 

(1) Using the same materials as will be used on the job, make several mixes of the grade 
and consistency desired for the work, each mix containing a different percentage of entrained 
air. Adjust proportions of fine to coarse aggregate in each mix to suit the cement content, 
air content, and degree of workability desired. Cast suitable specimens from each mix. 

(2) As soon as the specimens are hard enough, determine the air content and the number 
of bubbles per inch of traverse by the Brown and Pierson* method or equivalent. 

(3) Calculate the respective spacing factors and plot spacing factor versus air content 
and versus quantity of air-entraining agent. 

(4) Select the quantity of air-entraining agent that gives a spacing factor of 0.01 in. 

(5) After work is in progress, obtain samples from the point of placement and check the 
spacing factor in the laboratory. Make final adjustments of the amount of air-entraining 
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agent on this basis to take into account factors influencing the spacing factor that cannot 
be evaluated in the laboratory, for example, the effects of air losses in transit. 


(6) Once the amount of air-entraining agent has been established, keep it constant 
throughout the course of construction. Under job conditions, with the amount of air- 
entraining agent fixed, variations in total air content will occur in response to variations in 
consistency, aggregate gradation, and temperature. Normal variations due to these causes 
should be allowed without effort to compensate for them. However, any marked or sudden 
changes should be investigated at once and the necessary corrective measures taken. 


The object of the preceding design procedure is to establish a holding 
point for the amount of air-entraining agent. Routine measurement of void 
spacing during the course of a job is neither feasible nor necessary. Vari- 
ations in aggregate gradation, mix consistency, or temperature will cause 
variations in spacing factor and air content. But the spacing factor cannot 
be kept at the proper value by holding the air content constant. As was 
pointed out, an increase in air content not due to an increase in air-entraining 
agent does not necessarily indicate a decrease in spacing factor. Conversely, 
a decrease in air content does not necessarily indicate an increase in spacing 
factor. Refinement of control beyond that obtained by keeping the amount 
of air-entraining agent constant at the previously established holding point 
requires improvement in the control of aggregate gradation, mix proportions, 
and consistency. 


It would be in keeping with the intent of the proposed procedure for the 
engineer to follow the present practice of measuring total air content from 
time to time on the job. Such measurements should give him warning of 
deviations from average conditions. When such warning appears, the engi- 
neer should find out the cause of the deviation before changing the amount 
of air-entraining agent. Of course, if the air content should drop substantially 
below the normal average value, the engineer should increase the proportion 
of air-entraining agent at once and then seek out the cause before making 
any final setting. But, if the author’s suggestion is followed, he would never 
reduce the amount of air-entraining agent until after the cause of an increase 
in total air content is found and known to be due to an excessive amount of 
agent. If, for example, the air content decreases temporarily because of a 
temporary increase in the fines of the sand, or perhaps an unintentional 
decrease in sand percentage, the amount of agent should not be changed, 
because chances are that the spacing factor has not changed appreciably. 
If the air content increases, owing to a temporary change to a less favorable 
sand grading or drier mix consistency, this should not be considered cause 
for reducing the amount of agent. If the change in materials is relatively 
permanent, laboratory tests to establish a new holding point are in order. 


Of course, to increase the sand percentage as a means of raising the air 
percentage, or to reduce the sand for the opposite purpose, would be contrary 
to the principles on which the procedure recommended here is based. Any 
variation in air content obtained by varying the sand percentage is almost 
certainly due to a variation in the amount of coarse natural voids. The effect 
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of such variations on the spacing factor would generally be negligible. In the 
author’s opinion, the percentage of sand should always be that which gives 
a minimum water requirement for the proper consistency. The air content 
should be regulated by adjusting the amount of air-entraining agent as re- 
quired to produce the proper spacing factor under average conditions. 


Variation in air content due to variation in batch temperature should be 
ignored for the present. We have no information as to how the temperature 
in the mixer influences void characteristics. Perhaps future laboratory 
studies will suggest rules for adjusting the air-entraining agent to compensate 
for differences between the batch temperature and temperature of the trial 
mixes used for establishing the holding point. 


GENERAL REMARKS 


Results of research on air-entrained concrete show beyond reasonable doubt 
that when the paste contains freezable water it can be protected with closely 
spaced voids. Also, without question, the volume of air required to obtain 
the necessary close spacing is not the same for all mixes. We are, therefore, on 
unsound ground when we specify the same fixed air contents for all types of 
air-entrained concretes, or when we attempt to ‘‘control’’ production by 
varying the amount of air-entraining agent as required to maintain a fixed 
air content without knowing how a is changing. Nevertheless, any specifica- 
tion that brings about the addition of an air-entraining agent to the mix is 
bound to result in improved frost resistance of the concrete. It is not our 
purpose to suggest that adoption of the procedures given here is a crucial 
matter. What we do believe is that steps should be taken to put design and 
control procedures on a fundamentally sound basis in important work where 
such a refinement is feasible, and that the procedure suggested here is a step 
in that direction. 


It is likely that experience with this proposed method will bring out a need 
for modifications. The modifications might be in the direction of simplifica- 
tion, or perhaps the opposite, greater refinement. For example, eventually we 
might have only two bases for setting the air content: (1) if the natural voids 
are known to be coarse, we would assume a = 400 for the composite voids; 
and (2) if the natural voids are known to be normal, we would assume 
a = 550, or perhaps 600 for the composite voids. 


If future development tends toward greater refinement, a might be replaced 
by an improved function of average void size and size distribution. Or perhaps 
the fixed spacing factor proposed here will be replaced with one that varies 
with the characteristics of the cement paste. 


Be that as it may, the best way to learn what the modifications will be is 
to put the suggested method to use and see how it works. Its adoption 
involves no radical departures from current practice. 
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Discussion of a paper by T. C. Powers: 


Void Spacing as a Basis for Producing 
Air-Entrained Concrete’ 


By J. E. BACKSTROM, R. W. BURROWS, V. E. WOLKODOFF, and AUTHOR 


By J. E. BACKSTROM, R. W. BURROWS, and V. E. WOLKODOFFTt 


Mr. Powers is to be commended for his valuable contributions to the 
technology of concrete. His theories concerning the void spacing factor are 
being investigated in the laboratories of the Bureau of Reclamation and 
have already been of value in the resolution of some previously anomalous 
data. The formulas developed for the spacing factor LZ are workable and 
attractive in that they employ values which are easily obtained by 
microscopical examination. 


It is agreed that the air void system is probably the most important single 
factor influencing the frost resistance of concrete, but it is felt that more 
extensive data are required before an air void spacing factor of 0.01 in., or 


of any other magnitude, can be justifiably adopted as a design or a control 
criterion for frost resistant concrete. ; 


The writers are cognizant of the fact that various organizations dealing 
with concrete technology will differ as to what constitutes ‘‘adequate” frost 
resistance. By Bureau of Reclamation standards, a concrete is considered 
to be adequately frost resistant if 500 or more cycles of freezing and thawing 
are required to obtain a 25 percent weight loss. All comments contained 
in this discussion are based on the above definition of adequate frost resistance. 


Our data indicate that very appreciable increases in frost resistance can 
be obtained by reducing the spacing factor much below the recommended 0.01 
in., and that, in our concretes, these lower spacing factors have been easily 
secured without exceeding the air contents recommended by ACI Committee 
613. In addition the writers believe, and our data substantiate, that frost 
resistance is affected to a greater or lesser extent by variations in materials, 
curing, test methods and exposure, water-cement ratio, and air contents. 
Inasmuch as these effects are not constant it is difficult to visualize a single 
spacing factor which will assure adequate frost resistance in all cases. The 
scope of this presentation does not permit detailed discussion of all the vari- 
ables; however, such will be undertaken in a series of papers proposed for 
future publication. 


*ACI JourNnaL, May, 1954, Proc. V. 50, p. 741. Disc. 50-46 is a part of copyrighted JourRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
tEngineers and Engineering Petrographer, respectively, Bureau of Reclamation, Denver, Colo. 
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AIR VOID SIZE AND SPACING 


Powers states, on p. 755, that “A limited amount of data indicate that the 
specific surface of the composite system of voids may be as low as 300 and as 
high as 800 in.-”’ Powers has concluded, apparently on the basis of Klieger’s 
concretes, that the specific surface of the air voids in normal air-entrained 
concrete mixes is about 550 in.-! (sq in. per cu in. of air). That the relatively 
large size of these voids may not be typical of concrete in general is indicated 
by the results of the more than 170 determinations of specific surface (alpha) 
based on the entire system of voids, in air-entrained and vibrated concretes 
from both our laboratory and the field which have been made to date. Alpha 
values of less than 600 in.-! were found in only 5 percent of these cases, with 
the minimum value at 500 in.-'. In the remaining concretes, values of alpha 
ranged from 600 to 1700 in.-' The air contents of these concretes were 
generally equal to those recommended by ACI Committee 613 for the various 
maximum size concretes involved, and, without exception, the spacing factors 
were below 0.01 in. with some as low as 0.003 in. In 17 concrete core speci- 
mens from Hungry Horse Dam, Montana, the alphas averaged 950 in.-! 
when entrapped air was excluded from the calculations and 750 in.-! for 
the entire system of voids; the corresponding spacing factors being approxi- 
mately 0.005 and 0.006 in., respectively. 


EFFECT OF SPACING FACTOR L ON FREEZING AND THAWING RESISTANCE 


Fig. A, in which are plotted values obtained from Mr. Powers’ Fig. 1, 
together with results of three unrelated investigations performed in the 
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Fig. B—With this concrete, the 
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Bureau laboratories which utilized different, but good quality materials, 
divest the L value of 0.01 in. of much of the importance attributed to this 


ralue by Mr. Powers. This is illustrated by curves in Fig. A which show 
progressive improvement in frost resistance accompanying a progressive 
reduction in 1 to values much lower than 0.01 in. Values of L as low as 
0.0015 in. (not shown in Fig. A) have been obtained in laboratory concrete 
in which high resistance to frost action was developed. The point at which 
lower values of L fail to improve resistance to freezing and thawing as measured 
by weight loss has not yet been determined. However, some such limit is 
indicated from the shape of the curves on the righthand side of Fig. B. It 
should also be noted in Fig. A that the three different combinations of cements 
and aggregates produced different frost resistances at the same ZL, showing 
that L was not the controlling factor in determining frost resistance in these 
cases. 

Fig. B shows that the water-cement ratio greatly influences the frost 
resistance of the concretes over the entire range of air contents and pre- 
sumably spacing factors. This is contrary to Powers’ Fig. 2 which shows 
that the amount of freezable water* has little effect on the frost resistance 
at spacing factors below 0.01 in. 


Fig. C represents tests on concrete containing a good quality aggregate 
and cement. According to our standards, a spacing factor of approximately 
0.0085 in. is the largest which would produce adequate frost resistance for 
this particular concrete. Although this value differs from 0.010 in. by only 
0.0015 in. the effect is actually very large as is indicated, within the limits of 


*Freezable water is essentially that water in excess of that required for complete hydration of the cement. 





760-4 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Dec. 1954 




















@ 8000 Fig. C—With this concrete, con- 
TD enenl. taining materials of good quality, 
; 4 a spacing factor of less than 
= sccok *.T = 0.0055 m. 0.0085 in. is indicated for good 
3 frost resistance 
” 
™ 2000} 
°o 
#8 s-T = 0.0072 iw. 
© 
z 
= 1000} 
eS 800} _- C* 0.0081 im. 
> 
= 600F 
2 
= 400} x 
N *%-T= 0.0093 in. 
4 300} ° 
ae ~ 
u Te 0.0148 in. 
Oo 200+ 
n” 
WwW . 
-/ 
Oo 
> 
° 100 1 i 1 4 L 
° 1.0 2.0 3.0 40 5.0 6.0 


AIR CONTENT IN PERCENT 


Fig. C, by relatively large changes in frost resistance resulting from small 
changes in L where L is less than 0.01 in. 


ENTRAPPED AIR VOIDS 


It has been our experience that the influence of compaction, water-cement 
ratio, addition of fines, and use of different air-entraining agents upon void 
size and distribution within a suite of concrete specimens is best seen if the 
measurements of the void system are computed on the basis of both the total 
void content (entrapped, natural, and entrained) and the composite voids 
(natural and entrained). 

Until data are forthcoming from a series of tests now in progress to evaluate 
the definitive characteristics of entrapped air voids due predominantly to 
inadequate compaction, we have assumed from information available on 
several specimens of average concrete that any void larger than 3¢ in. in 
any dimension and regardless of shape, or any irregular void represents 
entrapped air. Our observations indicate that entrapped air voids are pre- 
dominantly irregular in shape. In poorly compacted concrete, entrapped 
air voids having a maximum dimension as large as 3 in. have been encountered; 
however, in most of our studies the entrapped air voids are found to range 
from 14 to 34 in. in size. In concrete from one structure the entrapped air 
voids were large but occurred sporadically; consequently, and even with 
methodical sampling, individual specimens contained a widely variable 
number of these large voids. 

For any sample it has been our procedure to conduct the linear traverse 
on at least 70 to 100 sq in. of surface, usually on several slabs of concrete, 
and to complete from 150 to 250 in. of linear traverse, depending upon the 
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TABLE A—TYPICAL EFFECT OF ENTRAPPED VOIDS IN THE SPACING FACTORS 
OF THE VOID SYSTEMS IN COMPANION SPECIMENS OF CONCRETE 





Specimen A Specimen B 








Total air, percent 1.62 1.10 
Entrained and natural air, percent 1.03 
Entrapped air, percent* 0.59 
Average chord intercept, entrained and natural voids, in. 0.0052 
Average chord intercept, total air including entrapped air, in. 0. 
Alpha, specific surface area, entrained and natural voids, in.-! 769.2 
Alpha, specific surface area, total air including entrapped air, in.-! 500 
Water-cement ratio 0.f 
Maximum size aggregate, in. 6 
Paste content, percent 15.15 


| 
Spacing factor L, entrained and natural air voids, in. 
Spacing factor L, all voids including entrapped air voids, in. 





0. 








*The entrapped air voids were of predominantly irregular shape and measured over %% in. in size. 


maximum size aggregate, total air content, and amount of sample available 
for study. Depending on the grid employed by the microscopist to traverse 
the specimen with equidistant parallel lines, it is quite possible that all or 
nearly all the large entrapped voids on one surface are not intercepted whereas 
in a companion specimen of similar concrete a large proportion of the large 
voids is intercepted. The interception of a few large voids not characteristic 
of the natural void system exerts an influence on the void parameters out of 
all proportion to their relatively infrequent incidence, especially if these 
voids are intercepted along their maximum dimension. 


It is believed that large entrapped air voids resulting from inadequate 


compaction do not significantly influence frost resistance of air-entrained 
concrete or mortar, but if intercepted during the traverse, they often radically 
decrease the indicated specific surface of the voids with a consequent increase 
in the spacing factor of the paste in the concrete being analyzed. 


An example of the effect of entrapped air on the spacing factors for similar 
concrete is shown in Table A. Note that the difference in the spacing factors 
for specimen A is nearly 0.004 in., although the entrapped air voids inter- 
cepted constitute only about 2 percent of the total number of voids inter- 
cepted. Specimen B, in which entrapped voids were negligible, was taken 
several inches away from specimen A in the same sample. Approximately 
175 in. of linear traverse on about 70 sq in. of surface were conducted on each 
specimen. This example, while not representative of normal concrete, was 
selected to emphasize the influence of a small number of large entrapped 
voids on the spacing factor and the difficulties sometimes encountered in 
sampling concrete. It is believed that the influence of spacing factor on 
frost resistance is better represented by the spacing factor obtained when 
the large entrapped air voids are excluded from the calculations. Our ex- 
perience indicates that when spacing factors and other measurements of the 
void system are computed in this manner, especially in field concrete where 
effective control is to be evaluated, better and clearer relationships are ob- 
tained. Perhaps comparable results would be obtained if unduly long traverses 
are conducted on large samples to minimize the effect of larger entrapped 
voids on the spacing factor. However, this procedure, due to the length of 
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time involved under present methods of analysis, would be impractical and 
would make the determination of void spacing an unnecessarily arduous task. 


Nonetheless, it should be pointed out that in this discussion the spacing 
factors presented in Fig. A and C are based on the entire system of voids; 
however, these concretes are considered to be well compacted and large 
entrapped voids were absent or occurred only infrequently. 


POWERS’ TABLES 2 AND 3 


The writers have been unable to verify the figures contained in Tables 
2 and 3. Mr. Powers’ paper contains the statement (p. 748) that ‘Hence 
formula (A) applies when Z = 0.01 in. and the specific surface of the voids 
is 433 in.-! or higher.”’ It appears to the writers that this statement contra- 
dicts a previous statement (p. 747) to the effect that formula (A) is to be 
used when the volume of paste does not exceed 4.33 times the total volume 
of the air voids. From Powers’ previous publications it seems that the quoted 
statement is incorrect, that Tables 2 and 3 were calculated on the basis of 
this statement, and hence the values shown are incorrect. 


CONCLUSIONS 


Powers’ spacing factor should be considered in evaluating frost resistant 
concrete; however, the writers believe that it should not, on the basis of 
present knowledge, be regarded as an unimpeachable criterion upon which 
to base the initial design or subsequent control of air-entrained concretes. 
The collection and analysis of additional data covering a wide range of 
materials, air contents, water-cement ratios, and methods of curing and 
testing may possibly define the limits within which the spacing factor 7s 
the prime controlling variable in the frost resistance of concrete. 


AUTHOR'S CLOSURE 


Verbal comments heard since publication of my paper revealed a tendency 
for some readers to feel that the paper condones or even encourages making 
concrete with high water-cement ratio paste. I did not intend to convey 
that impression. The paper deals only with the matter of deciding how much 
air to entrain in concrete to improve frost resistance. The conclusion reached 
is that for a considerable range of water-cement ratios entrained air will 
perform its function properly if the spacing factor is not over 0.01 in. For 
protection of questionable aggregate, for obtaining a high degree of imper- 
meability, for high resistance to leaching, and for general excellence, a rich 
paste is to be preferred to a lean paste whether entrained air is used or not. 
Entrained air cannot make lean paste impart to concrete the same qualities 
that are imparted by a rich one. It can, however, make either grade of 
paste safe from frost attack. 


Data presented by Messrs. Backstrom, Burrows, and Wolkodoff are sig- 
nificant and their interpretation merits careful consideration. Possibly 
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their conclusions will prove to be correct; that is, we may find that producing 
scientifically controlled, air-entrained concrete is a complex process of evalu- 
ating and controlling several variables. Such a possibility was recognized 
in one of the closing paragraphs of my paper. 

I hope most readers will realize that I did not offer a single value for 
spacing factor as an “‘unimpeachable criterion on which to base the initial 
design or subsequent control of air-entrained concrete; I am in full agree- 
ment with Messrs. Backstrom, Burrows, and Wolkodoff on this point— 
it probably is not. What I did try to present was “.... the next logical 
step in refining production of air-entrained concrete” (p. 742). 

Although I shall not attempt to refute the discussers’ conclusions—they 
may be right—it seems worthwhile to re-examine their data from a different 
point of view to show that another plausible interpretation is possible. I 
shall try to show that simply maintaining the proportion of air-entraining 
agent at a preselected value as proposed in my paper still appears to be the 
most practical way to obtain all benefits that can reasonably be expected 
from entrained air. Regarded as a stopgap, pending results of further re- 
search and field experience, my proposal seems more conservative and 
practical than trying, as at present, to maintain a constant total air content 
regardless of what may be causing the air content to vary. 

Issues raised by Messrs. Backstrom, Burrows, and Wolkodoff include the 
question as to how to interpret laboratory freezing and thawing tests. What 
is the relationship between laboratory performance and field performance? 
When results from two different laboratories are not the same, which result 
gives the more reliable basis for estimating field performance? It seems to 
me that the discussers’ conclusions rest rather heavily on the assumption 
that relative performance in a particular laboratory test is a direct indication 
of relative performance in the field. 

In Fig. A we have data from two sets of freezing and thawing tests made 
on air-entrained concretes of similar qualities. These two sets of results 
demonstrate that the result depends on manner of testing; that is, it depends 
on conditions under which the specimens are frozen and thawed. If this 
is true, it is more than likely that had the test been made under natural 
conditions the indications would have been different from those of either of 
the two sets of data in Fig. A. It is pertinent, therefore, to inquire into 
features that account for differences in test results. It would be beyond 
proper scope of this discussion to present a study of this subject; I shall 
indicate only the outlines of it. 

The principal features of the two test conditions may be compared with 
each other and with natural conditions as follows: 


USBR PCA Natural 


Rate of cooling, deg F per hr 40 20 5+ (maximum) 
Lowest temperature, deg F +10 —12 Various 
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If identical concretes are frozen under such different conditions, amounts 
of ice produced are greater the lower the lowest temperature. Hence, under 
Portland Cement Assn. conditions more ice is produced than under U. 8. 
Bureau of Reclamation conditions. Under natural conditions, different 
amounts are produced, according to the weather. The rate at which the ice 
is produced depends upon the rate of cooling. Hence, rate of ice production 
is highest for USBR conditions and lowest for natural conditions. 

We understand the mechanism of frost action well enough to make an 
intelligent guess as to how these differences in conditions affect performance 
of concrete and we can, on this basis, form an opinion as to what results 
of the PCA and USBR tests on similar concretes mean with respect to probable 
performance under natural conditions. Briefly stated, the indications are 
these: 

(1) The USBR tests should be relatively more severe than either the PCA 
test or field conditions when concrete contains relatively low-grade paste 
not fully protected with entrained air. For such concrete, the rate of ice 
production rather than the amount produced should be the important factor. 

(2) The USBR test should be somewhat less severe on air-entrained concrete 
made with high-grade paste than the PCA test and probably less severe 
than natural conditions if the natural freezing temperature is equally low. 
For such concrete the length of time the concrete remains at low temperature 
should be the important factor. 

(3) The spacing factor at which low-grade, air-entrained paste shows the 
same resistance as high-grade, air-entrained paste should be smaller the 
higher the rate of freezing. Hence, the USBR tests should indicate a need 
for relatively more air and a smaller spacing factor for the leaner mixes than 
either the PCA test or field performance. 

(4) Judged by its performance in concrete, a “sound” aggregate is one that 
does not become saturated to the critical degree during the course of seasonal 
wetting and drying of concrete. With this kind of aggregate in concrete 
exposed under usual natural conditions (not continuously submerged), pro- 
tecting the paste with proper concentration of air bubbles should give perma- 
nent immunity to frost attack, but not to other disintegrative forces of nature. 

(5) Even with sound aggregate, air-entrained concrete may eventually fail 
in a laboratory freezing and thawing procedure that does not provide inter- 
rupting freezing and thawing cycles with “seasonal drying.” Failure is due 
to the gradual uptake of water by aggregate particles. (It may be due also 
to the gradual filling of air voids entrained in the paste.) Some aggregate 
particles become disruptive when they take up more than about 92 percent 
of their capacity for water if the surrounding paste prevents escape of the 
excess during freezing. 

Thus laboratory tests that allow no drying after freezing and thawing 
cycles start gradually produce a vulnerable condition that is rarely if ever 
found in the field. This should be taken into account when interpreting 
a laboratory test. 
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(6) In the continuously wet laboratory cycle, failure due to uptake of 
water by the aggregate can, in some cases, be retarded by using an amount 
of entrained air higher than that required to protect paste. Replacing part 
of the surrounding paste with entrained air apparently enables some water 
to escape from aggregate particles during freezing and thus reduces disruptive 
pressure in the aggregate. Protection is not complete; entrained air does not 
prevent failure from soaked aggregate; at best, it retards it. 

With respect to test interpretation, the significance of seasonal drying must 
again be pointed out. 

(7) Aggregate particles larger than a certain size may fail when saturated 
and frozen, whether or not they are sealed by hardened paste. Critical size 
depends principally on the porosity, pore size, and strength. Hence, with 
certain aggregates the largest particles will fail on freezing after becoming 
saturated and the effect of this cannot be modified with entrained air. The 
life of concrete containing such particles depends on those conditions that 
control uptake of water by aggregate particles. 


DISCUSSION OF FIG. A 


Let us now examine Fig. A with these considerations in mind. 
If concrete contained no air voids at all, practically no water could escape 
from the paste during freezing and the least possible amount of expansion 


would be equal to 9 percent of the volume of water frozen. When voids are 
present, some of the water escapes from the paste and dilation is correspond- 
ingly reduced. It can be shown on the basis of reference 2* that the reduction 
in expansion due to escape of water from the paste is an inverse function of 
the thickness of the webs of paste between the air bubbles. For that reason, 
in Fig. 1, I plotted expansion against reciprocal of the spacing factor, 1/ LZ. 
To retain the perspective afforded by Fig. 1, I plotted the USBR data given 
in Fig. A along with PCA data in Fig. D. It was necessary to enlarge the graph 
to accommodate USBR data. Having done this I was able to add three 
points from the PCA data that were originally omitted from Fig. 1. 

As pointed out in the paper, the four different kinds of concrete represented 
by the PCA data all exhibit about the same degree of frost resistance at any 
spacing factor smaller than 0.01 in. As shown in Fig. D the USBR data 
for three different concretes have the same indication qualitatively but they 
have a different indication quantitatively; differences in frost resistance at 
a given spacing factor may be considered insignificant only when the spacing 
factor is smaller than about 0.005. 

This difference between two sets of data can be explained in terms of 
differences in rate of freezing. In the PCA laboratory, rate of freezing is 
about 20 deg F per hr; in the USBR laboratory it is about 40 deg F per hr. 
It is in line with theoretical considerations already mentioned that curves 
for the different mixes converge at a smaller spacing factor the higher the 
rate of freezing. 


*References in this discussion are those listed at the end of the original paper. 
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Fig. D—Relationships between rate of expansion and spacing factor from USBR and PCA data 


Under natural conditions, rate of cooling is less than 5 deg F per hr. We 
should expect, therefore, that under natural conditions the spacing factor 
might be the dominant variable at values even larger than the limit indi- 
cated by PCA tests—that is, larger than 0.01 in. 

The basis for suggesting 0.01 in. as the upper limit of spacing factor was 
not fully explained in the paper. Emphasis was on the point that if the 
spacing factor were that small or smaller, the same factor could be used for 
concretes of different characteristics. Suggesting 0.01 in. as the upper limit 
was based on three different considerations: (1) the known effect of entrained 
air on the expansion of paste; (2) the special curing conditions represented 
by the data in Fig. A or D; (3) findings reported by Klieger’ as to optimum 
spacing factor for specimens dried once before starting freezing and thawing. 

As reported in reference 3, dilation of air-entrained pastes can be totally 
eliminated by means of entrained air. Direct measurements on neat cement 
pastes of various water-cement ratios containing different amounts of entrained 
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air showed that expansion did not occur when the spacing factor of bubbles 
was not over 0.01 in. At such a spacing factor freezing caused pastes to 
contract rather than dilate, the contraction being due to extraction of water 
from gel by ice crystals in air voids. It is significant that reducing the spacing 
factor below 0.01 in. gave little additional modification of the effect of freezing. 
Thus, we have experimental basis for believing that cement paste is adequately 
protected by entrained air when the spacing factor is not over 0.01 in. 

The special curing condition referred to was that specimens in both USBR 
and PCA tests represented in Fig. A or D were cured continuously moist 
and not given a period of drying before starting freezing and thawing, or 
at any later time during the test. For this condition our results agree with 
USBR results and support the conclusion pointed out by Messrs. Backstrom, 
Burrows, and Wolkodoff that the smaller the spacing factor the higher the 
resistance to freezing and thawing. In Fig. D only one of the PCA points 
departs significantly from the general downward trend. This departure 
might be due to experimental error, for that point represents a specimen 
containing over 12 percent air and thus one in which spacing factor was 
difficult to measure accurately.* To reconcile this trend with what has just 
been reported about effect of entrained air on dilation of neat paste, we must 
make the reasonable assumption that damage caused by freezing when the 
spacing factor is less than 0.01 in. is caused by water freezing in aggregate 
particles and not by the water in paste (see statement 5, p. 760-8). The 
fact that entrained air modified the effect of freezing in aggregate particles 
shows that the largest particles in this particular aggregate were below the 
critical size for that material, or else the largest particles did not become 
fully saturated during the test (see statements 6 and 7, p. 760-9). 

We have good reason to believe that air-entrained concrete normally 
develops a higher degree of frost resistance than is indicated by data in Fig. 
D; this is the third factor mentioned above. Klieger’s data show that pre- 
liminary drying adds considerably to frost resistance. In specimens dried 
for 2 weeks and then soaked 3 days before beginning freezing and thawing 
tests, no benefit was obtained by reducing the spacing factor much below 
0.01 in. An explanation for this is that once a sound aggregate becomes 
dried after the concrete is hard, it cannot readily be resaturated to the critical 
degree. Hence, the beneficial effect of reduced spacing factor described in 
connection with Fig. D did not appear with those predried specimens. 

Thus, my recommendation of 0.01 in. for upper limit was based on the 
assumption that benefits from smaller spacing factors are marginal and 
would be found in the field only under rare conditions. 

Some of the above remarks may seem to be at odds with the results reported 
by Brewer and Burrows in 1951.t They showed that dried specimens may 
have less frost resistance than those continuously moist-cured. However, 


*It might be due also to a limitation of our way of computing spacing factor. The voids in the USBR specimen 
were much finer than those in the PCA specimen, i.e., the specific surfaces differed widely. 

+Brewer, H. W., and Burrows, R. W., ‘‘Coarse-Ground Cement Makes More Durable Concrete,"’ ACI Journat, 
Jan. 1951, Proc. V. 47, p. 353. 
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their results were obtained from non-air-entrained concrete, and resistances 
were all relatively low, less than 300 cycles for failure. Klieger’s data on 
air-entrained concrete seem to be the most pertinent information now at hand. 


Thus, it seems that the data of Fig. A can be reconciled with other indi- 
cations that air-entrained concrete can be produced on the basis of a single 
limit on spacing factor applicable to all practical grades of concrete, and 
that the upper limit need not be below 0.01 in., save possibly under unusual 
circumstances. Apparent need for different spacing factors for different 
mixes seems to be an effect of the high rate of freezing used in laboratory 
tests. Benefit from lower spacing factors is obtained only after a long period 
of continuous submersion, and this benefit could not be expected with all 
aggregates. 


DISCUSSION OF FIG. C 


This figure shows that reducing the spacing factor below 0.01 in. certainly 
reduced rate of surface crumbling under freezing and thawing and it is clear 
that still smaller spacings would have been beneficial, as pointed out by the 
discussers. For reasons already given, it is questionable whether improve- 
ment from reducing factor below about 0.01 in. would be realized under field 
conditions. This diagram is based on number of cycles of freezing and thaw- 
ing required for a 25 percent weight loss, rather than on dilation per cycle. 
On inquiry, I learned that USBR experience is the same as ours, namely, 
that when frost resistance of air-entrained concrete is upwards of 500 cycles, 
freezing produces little if any dilation. Additional cycles cause surfaces 
to crumble slowly while the interior of the specimen remains sound. Surface 
loss is probably due in part to leaching of lime from paste and in part to ab- 
sorption of water by aggregate particles (see statement 5, p. 760-8). It seems 
questionable whether entrained air should be used on the basis of requirements 
for retarding surface crumbling induced primarily by continuous submersion. 
Such conditions in the field are too rare to be a justifiable basis for mix pro- 
portioning. 


However, if low spacing factors can be produced without undue loss of 
strength, they might well be used, even though possible extra benefits under 
field conditions might be of doubtful value. It is interesting to learn that 
the U. S. Bureau of Reclamation is producing air-entrained concrete in which 
spacing factor at a given air content is unusually low as compared with air- 
entrained concretes with which we are familiar. This seems to point up one 
of the principal conclusions of my paper—different mixes and materials may 
produce significantly different spacing factors at the same air content. 


DISCUSSION OF FIG. B 


Data in this figure do not seem pertinent to the question of selecting a 
spacing factor for air-entrained concrete. From the point of view adopted 
for this discussion, we see here a case of failure that cannot be controlled with 
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entrained air. Failure might be due to aggregate particles exceeding the critical 
size; that is, the largest particles fail when saturated, regardless of amount 
of entrained air. Before the largest particles become fully saturated, entrained 
air is able to modify the effect of freezing in aggregate particles. The paste 
probably was fully protected at an air content below 5 percent. 


Superior performance of the concrete made with the better paste (W/C = 
0.45) was probably due to ability of this paste to retard uptake of water by 
aggregate particles. Notice that the criterion for failure is weight-loss. 
Possibly at the higher air contents, damage was nearly all superficial. 


Bad effects of very high air contents should not be surprising to anyone 
who has examined such concrete microscopically. With 5 percent air, about 
1/5 of the space around aggregate particles is occupied by air, 4/5 by paste; 
with 25 percent air, volume of air is at least equal to volume of paste. 
Normally, a paste air-bubble mixture would be described as froth with any 
air contents above about 8 percent of concrete volume. Such froth has im- 
paired strength and probably little ability to keep water from penetrating 
either the froth or the aggregate. 


It seems doubtful that performance under conditions where freezing and 
thawing cycles are interrupted by seasonal drying could be predicted from 
this continuously wet freezing and thawing test. Probably, under natural 
freezing conditions, effects of differences in W/C would not appear if the 
spacing factor did not exceed 0.01 in. in either case. 


Proper limit for spacing factor cannot be fixed by considering performance 
of this kind of concrete under these test conditions, unless control of surface 
crumbling when frozen and thawed continuously submerged is definitely 
needed. 


Finally, I must agree with Messrs. Backstrom, Burrows, and Wolkodoff 
that on p. 748, the last sentence of the middle paragraph should read: “Hence, 
formula (B) applies when ZL = 0.01 in. and the specific surface of the voids 
is 433 in.-! or higher.”” Moreovet, Table 2 is incorrect; the two formulas 
were switched, B being used for the first three columns, whereas A should 
have been used, and vice versa for the rest of the columns. The table has 
been recalculated, and the correct result is presented herewith. 


The error shows up at several points in the paper where values obtained 
from Table 2 were used. Fortunately, the effect is not important. For 
example, on p. 756, second line of the first complete paragraph, an increase 
from 4.8 to 7.0 percent is mentioned, whereas the figures should have been 
4.0 and 6.0 percent. Information conveyed by the sentence is not appreciably 
distorted by incorrect figures. 


Table B is presented to serve those who may be satisfied to base proportion- 
ing and control on a single spacing factor but wish to use a factor lower than 
the maximum permissible for paste protection. It is based on a factor of 
0.006 in. The table shows that such a factor is not practical unless specific 
surface of voids can be kept above 700 in.-! 
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TABLE 2—AMOUNTS OF AIR REQUIRED FOR 0.01-IN. SPACING FACTOR 


(corrected) 
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TABLE B—AMOUNTS OF AIR REQUIRED FOR 0.006-IN. SPACING FACTOR 











Title No. 50-47 


Crushed Stone Production 


By A. T. GOLDBECKT 


SYNOPSIS 


Prospecting for and production of commercial crushed stone are detailed with 
emphasis on modern trends in the crushed stone industry. Quarrying, trans- 
portation of quarried stone, crushing, screening, washing, production of stone 
sand, and related operations are described as to equipment, methods, and 
trends. A selected bibliography of 71 references completes the report. 


PROSPECTING 


Crushed stone is produced from stone recovered from either quarries or 
mines. Before starting a crushed stone operation, it is essential that the de- 
posit be prospected to determine quality of the stone, estimate the quantity, 
design the quarry and plant layout, and locate the area for disposal of wastes 
so that it will not cover usable stone. Stone is a low-cost commodity and 
prospecting is necessary to avoid unforseen costs. 

As a rule, igneous rock deposits are uniform in quality and covered with thin 
overburden and surface sampling is generally adequate. On the other hand, 
sampling by drilling may be desirable. Limestone deposits should be thor- 
oughly drilled to determine their uniformity and to obtain some idea of their 
quality. A study of nearby quarries, location of roads and railroads, and 
determination of dips and strikes by studying outcrops nearby offers desirable 
preliminary data. 

Well drills, churn drills, and core drills may be used in prospect drilling. 
The well drill breaks up rock so that physical tests of the sample are impossible, 
but the speed of drilling furnishes some idea of the rock quality. The well 
drill does determine definitely the depth of solid rock. Core drilling is done by 
either shot drill or diamond drill methods. In the shot drill, steel shot serves 
as the cutting agent. Such a drill is not desirable where large seams are en- 
countered because the shot may be lost. In this case, the seam will have to be 
cemented before drilling can proceed. A diamond drill is best suited for drilling 
seamy rock, but here again seams may have to be cemented to prevent the 
drill from following the seam. In core drilling, the entire core is rarely re- 
covered. On the average, not more than 70 percent of the hole length is taken 
out in the form of solid core material. Well drill bits are commonly 55% in. in 
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and Handling. Received by the Institute Sept. 9, 1952. Title No. 50-47 is a part of the copyrighted JourNaL 
OF THE AMERICAN ConcRETE InstiTuTE, V. 25, No. 9, May 1954, Proceedings V. 50. Separate prints are available 
at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later than Sept. 1, 1954. Address 
18263 W. McNichols Rd., Detroit 19, Mich. 
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diameter, although larger sizes are also used. Diamond drill cores run 34 to 
3 in. in diameter and cost roughly two to three times as much as well drill 
holes. The shot drill may be used for drilling holes up to 60 in. in diameter 
and even larger holes have been drilled by the shot drill. 

Geophysical methods for examining subsurface formations have been ap- 
plied in estimating quarry overburden and depth down to solid rock. 


STRIPPING 


Generally the stone to be quarried is covered with some overburden. When 
the overburden is shallow and consists of friable soil, the stone is shot down 
together with the overburden, which is then removed by washing. Hand 
stripping of overburden is seldom practiced today; machine methods are far 
more economical. Hydraulic stripping has been used in a number of quarries, 
and from 1500 to 2000 gal. of water are required for each cubic yard of over- 
burden removed. It is necessary that the slope of the overburden be away 
from the quarry, otherwise soil will be washed down into the quarry. 


Power shovels are frequently used for stripping. Shovels can dig in tough 
clay or inferior rock. They. cannot, however, clean out seams, and in many 
limestone quarries the rock surface is rough and cavities filled with clay extend 
to considerable depths. For cleaning out such pockets, a power shovel boom 
may be attached to a small shovel and used as a hoe. Likewise, a power shovel 
may be equipped with dragline, boom, and bucket, and can thus be used for 
stripping irregular surfaces and for cleaning out vertical seams if they are wide 
enough to admit the bucket. Where overburden is deep, it pays to do the strip- 
ping in two separate operations, the upper portion with a shovel equipped with 
a dipper, and the remainder with dragline equipment. 


Power scrapers lend themselves to the removal of overburden, and yet, be- 
cause of irregularity in the upper stone surface, such equipment does not clean 
up well. Then, the slackline and drag scrapers may be used to advantage. 


Transportation 

Tractors with trailers are suitable for short hauls of waste to the dump, 
trucks for the short and intermediate hauls, and locomotives with cars for 
intermediate and long hauls. For deep overburden conditions and long haul, 
locomotives with tractor-type side dump cars give the lowest cost as a general 
rule. Diesel power is now generally used. If dragline equipment is used, the 
number of track changes at the stripping site is about one-half that required 
for shovel equipment. When trucks are used, it is well to provide a tractor 
with scraper or bulldozer for trimming the dump and maintaining the road. 
Belt conveyors are used occasionally to convey waste to the dump. 


Where the layer to be stripped is narrow, and wastes can be disposed of at 
the sides, overcasting with dragline is most economical. This operation 
throws excavated material from the bucket as far to one side as possible so 
that use of transportation equipment is minimized. 





CRUSHED STONE PRODUCTION 


QUARRYING 


Quarries are of two general types—the pit quarry and the bank quarry. 
In the pit quarry stone is recovered from below the general level of surrounding 
country, then elevated to the crushing and screening plant on the surface. In 
the bank quarry stone is taken mostly from above the level of adjacent coun- 
try. Rock is shot down to about the level of the crusher and no hoisting is 
required. Quarries of this type are generally self-draining and as a rule have 
no pumping problems. 

In flat-bedded deposits, quarry layout can generally be made to suit plant 
location, highways, railroads, or other topographical features. Layout is 
more involved where strata are pitching and narrow. The hoist or point of 
attack should preferably be at the midpoint, along the strike, to reduce average 
haul. The quarry face should be across the strata at right angles to the strike 
for better breakage in blasting. 

High faces are common in bank quarries because of the desirability of get- 
ting blasted stone down to the crusher level. In pit quarries, the height of 
face for each bench is governed by the size of shovel, character of rock, amount 
of water to be pumped, and the necessity for providing more working points 
to increase production. In seamy rock that does not break up well in the 
primary blast, the face should be lowered, for where large blocks remain in 
blasted material above the reach of the shovel, undercutting of the pile is 
necessary to bring them down and delays result in waiting for block-holing 
and blasting after the blocks are exposed. 


DRILLING AND BLASTING 


The distance from the toe of the face to the line of drill holes for primary 
blasting is called the “burden’’ and the distance between the holes in the line 
is called the “‘spacing.”’ Burden and spacing depend upon the kind of rock to 
be blasted and explosive used, and by trial a combination of these variables 
will be found to give optimum results. 

In softer rocks associated with open or clay-filled seams, too much explosive 
at one point will tend to pulverize stone adjacent to the drill hole, and the 
shattering force will be cushioned by the clay or air space leaving many large 
blocks unbroken. Larger holes with wider spacing are more applicable to the 
hard dense rocks such as trap. 

Chambering or springing is often resorted to in hammer-drill holes to en- 
large them for primary blasting, particularly when they are horizontal, or 
nearly so. Chambering is seldom practiced in well-drill holes. 

The hammer drill using hollow drill steel is of great usefulness in quarrying. 
It is built in sizes large enough to bottom a hole 2 in. in diameter at a depth of 
35 ft. Larger sizes of hammer drills for primary drilling are preferably mounted 
on wagons for ease in moving, setting up, and handling the long drill rods. 
Hammer drills for block-holing are built as light as 20 lb, although 40-lb 
machines are best adapted for quarry work. 

Detachable bits are now in common use. They effect a saving in under- 
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TABLE 1—SURVEY OF WELL DRILLING COSTS FOR 1946 
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ground mining and in small quarries, where getting forged bits properly dressed 
and tempered may be difficult. 

The well drill is commonly used in drilling for primary blasts. The standard 
machine employs a 554-in. bit for tougher rocks and where greater spacing is 
practiced; 8-in. holes are common and even larger holes are used. Drilling is 
carried 2 to 5 ft below bench level, depending upon the burden and character 
of rock, to avoid unbroken toes. Drilling too deep is to be avoided, for it makes 
it difficult for the shovel to maintain a level floor and requires more casing in 
drilling the bench beneath. It is important that all holes be drilled accurately 
to desired depth. 

Table 1 gives a survey of well-drilling costs for 1946, and may be of some 
interest as a comparison of some important variables. 

A percussion type drill which hits 200 to 220 blows per min, as compared 
with 60 blows per min in the gravity-fed type of churn drill, is of considerable 
interest and has been used experimentally on 6-in. holes. It is claimed that 
the drill performs a chipping rather than a crushing operation. Cuttings are 
swept out of the bottom of the hole by compressed air. 

“Upper” and “blanket” shooting are terms applied to making a blast be- 
fore the preceding one is entirely cleaned up. ‘“Snake-hole’’ blasting requires 
that drilling be done after the shovel has cleaned out the preceding shot; it is 
applicable to long faces where there is time to drill before the shovel returns 
on the next cut. 

Tunnel blasting (known also as “gopher-hole’”’ or ‘‘coyote-hole” blasting) 
may be practiced upon high faces where the structure of the rock is favorable. 
Small tunnels are driven into the face at floor level and laterals in both direc- 
tions from the end of the tunnel parallel with the face. Explosive placed in 
the laterals breaks out a wedge-shaped section at the base; part of the rock 
above this is lifted slightly, then falls of its own weight. Structure of the rock 
must be such as to give good fragmentation in this fall. Traprock, having a 
columnar structure, is favorable for good fragmentation. Tunnel blasting is 
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not applicable to flat-bedded rocks, where an overhang would remain, nor to 
badly faulted rock. 


Delayed-action blasting 


An interesting and useful development in the quarrying industry is delayed- 
action blasting. Instead of firing a number of well-drill shots simultaneously, 
the delayed-action blasting method requires that each succeeding shot be 
delayed about 1/50 sec. With this system of shooting there is a material re- 
duction in vibration and, in most cases, an improved fragmentation with 
consequent lowering of secondary breaking costs. The best spacing and delay 
interval for each rock condition are determined experimentally. 


Explosives 

Ammonium dynamite, which derives its strength largely from ammonium 
nitrate, is used in quarry work more than any other type of explosive. Its 
freezing point is lower, it is safer to handle, and it is cheaper than straight 
nitroglycerin dynamite. Ammonium nitrate is soluble in water and therefore 
‘cannot be used in wet holes. Gelatin dynamite will resist water indefinitely and 
is used under water where the pressure is considerable. Ammonia gelatin is a 
recent development and is becoming popular for quarry use. It is similar to 
straight gelatin dynamite but a portion of the nitroglycerin is replaced by 
ammonium nitrate. It is water resistant to a limited extent and can be used 
in wet holes if water pressure is not too great. Gelatin dynamite has the high- 
est rate of detonation and is used for tougher rocks. In limestone and softer 
rocks, less pulverizing action nearer the charge and more uniform fragmenta- 
tion are secured by lower velocities. Lower velocity of an explosive is also 
secured with larger grain size of the ingredients. 

If during the primary blast insufficient fragmentation results, blocks of 
stone will be produced that are too large to be handled by the primary crusher. 
These must be broken down to be usable. Mud capping and jackhammer 
drilling and blasting are common, but jackhammer drilling has long been re- 
garded as undesirable in the quarry and in recent years an old method of rock 
breaking has been revived, namely, use of the drop ball, weighing about 
7000 Ib. 


LOADING 


Hand loading is rare but is still done where careful selection of stone is 
necessary or in small operations at some distance from well equipped plants. 
Cost of explosives is high in hand-loading operations because of the necessity 
for blasting stone in small enough sizes to be handled. 

Power shovels are practically indispensable in the average quarry. Al- 
though power shovels are available with dippers varying in capacity from 
3% to 32 cu yd, the shovel with a capacity as great as that of the transportation 
system would seem adequate. Too small a shovel is uneconomical, even though 
its capacity may be as high as the plant is designed for. Small shovels may be 
incapable of handling larger pieces of rock left from the primary blast. In 
hard digging, lower repair costs warrant use of a shovel with a dipper one size 
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smaller than that for which the shovel was designed. Popular sizes of shovels 
are from 11% to 4 cu yd for larger quarries and 34 to 144 cu yd for quarries of 
500 to 800 tons per day capacity. Larger shovels are slower in action and 
loading capacity is not in proportion to dipper size. 

Electric shovels are becoming predominant in larger quarries while diesel 
shovels are used largely in smaller units. Air power has been used for shovels 
in underground work, although it has been largely replaced by electric power. 
Use of electric, gasoline, and diesel shovels has been increasing rapidly. 

Bulldozers have taken over the work of collecting scattered rock following 
shots and are considered almost indispensable in large quarries. 


HAULAGE 


Although haulage from loading point to crusher in large quarries in former 
years was by either standard-gage or narrow-gage railroads, and is still so car- 
ried on, nonetheless there is a decided trend toward haulage by motor-truck. 
Motor units used are either truck or tractor-trailer units. Most of the newer 
trucks are diesel powered. Although light tractor units hauling 12 to 24-ton 
trailers have been used on level grades, together with a power cable for drawing 
units up steep grades and a Barney car for returning the cable to the bottom 
of the grade, this system is probably being replaced by heavier hauling units 
because of less time out for repairs. If a full body load of the truck tends to 
choke the crusher or overflow the feeder, dual bodies mounted on a single chassis 
are sometimes adopted. Side-dumping bodies, which avoid backing up at 
dumping points are preferred in more permanent installations. Rear-dump- 
ing bodies, on the other hand, are common in portable and semiportable 
plants. Use of a feeder ahead of the primary jaw crusher is becoming more 
common. This is said to increase the crusher capacity by a minimum of 20 to 
30 percent. There is a tendency toward placing the primary crusher in the 
quarry pit. Crushed stone from the crusher is then transported to the plant 
by belt conveyor, bucket elevator, or skip. Where motor trucks are used for 
hauling, it is important to keep the roadway clean of stone, thereby effecting 
a saving in tire wear. 

Derricks and cableways are used to hoist stone boxes out of deep pits, but 
in some cases such devices have been replaced by conveyors. 

CRUSHING 
Primary crushing 

Jaw crushers of the Blake type and the gyratory crusher are used for pri- 
mary breaking. Rolls, jaw crushers, and hammer mills are sometimes used as 
primary crushers where rock is of a soft and friable nature. Other heavy- 
impact crushers have been used successfully, particularly in softer type stone. 
Jaw crushers are built with openings up to 66 x 86 in. and gyratories up to 
84 in. Size of the opening should always be more than ample to pass pieces 
that can be carried by the shovel dipper. 

For harder rocks, reduction in the primary crusher should be less than 6 to 1. 
Greater reduction tends to move the stone upward against the fixed jaw or 
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concave and will greatly increase stresses in the machine. Use of corrugated 
jaw plates in the jaw crusher tends to reduce slabby pieces. A feeder under 
the primary crusher is highly desirable to prevent wear on the conveyor belt. 
Use of a surge pile following the primary crusher is coming into use as it is an 
insurance against quarry breakdowns and unfavorable weather conditions 
for quarrying. It is a means of keeping the crushing and screening plant uni- 
formly loaded at a high level of capacity. 
Secondary crushing 

There has been a growing demand for more fine stone for highway mainte- 
nance work. This trend has affected the type of secondary crushers used, and 
cone crushers and high-speed flat-angle gyratories are popular in larger plants 
for production of increasing quantities of smaller sizes. For less abrasive types 
of rock, hammer mills and other impact types also are used. Special impact 
crushers of the squirrel-cage type have been used to reduce the quantity of 
soft pieces and at the same time improve particle shape. Jaw and gyratory 
crushers now on the market permit a double reduction in a single pass, fines 
from the first reduction being by-passed. 


Fine crushing and pulverizing 

Many different types of machines are used for fine crushing, many employ- 
ing the gyratory principle but having variations in shape of the crushing sur- 
faces. In the gyratory crusher, space between the crushing surfaces becomes 
smaller as material passes through the crusher, and the circumference must 
become larger to provide sufficient space to prevent blocking the stone in its 
natural flow. This principle has led to design of bellheads, spherical heads, 
and flattened cones. Double-roll crushers having large capacity and relatively 
low headroom are used for fine reduction, even for production of stone sand. 
Rod mills have come into favor for fine crushing, such as is required for stone 
sand where particle shape is an important factor. Hammer mills are used on 
less abrasive rocks, having a low percentage of silica, for production of smaller 
sizes where the proportion of fines must be kept low. The small-size swing- 
hammer mill can be considered as a fine grinder, and is so used for production 
of coarser meals, such as agricultural limestone and coarser grades of poultry 
grit. It cannot be used on harder rocks, such as granite and trap. 

Types of pulverizers most generally used are the rod mill, ball mill, tube 
mill, and roller mill. When extreme fineness is required, closed-circuit grind- 
ing is practiced. Dust formed is of a rather uniform size, but this may or may 
not be desirable, depending upon the use for which fine material is intended. 


ELEVATING AND CONVEYING 


Belt conveyors are very satisfactory. Maximum permissible slope is about 
18 deg, but this may be exceeded if loading with fine or graded material is 
continuous. The bucket elevator is commonly used in stone plants, especially 
where ground space does not permit use of belt conveyors. Where a steeply 
inclined conveyor is necessary, an automatically controlled skip hoist is some- 
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times used instead of bucket conveyors. Pan conveyors are used for convey- 
ing over short distances and are particularly suited for lump material for 
feeders. Other types of conveyors include the drag, screw, vibrating, and 
pneumatic feeders. 


SCREENING 


Vibrating screens have almost entirely superseded revolving or trommel 
screens. Revolving screens do not serve well for screen sizes of less than ! in., 
particularly when material is damp. The vibrating screen, which was used 
originally for very fine screening, is now used for all sizes, even in production 
of riprap. Horizontal vibrating screens are common with vibration imparted 
to the screen surface generally by mechanical vibration of the frame, but also 
by direct vibration of the screen cloth. For efficient screening to specification 
size, it is necessary that a sufficiently large screen area be provided to permit 
every particle to come into contact with the screen cloth at some stage in its 
travel over the screen. Electrically heated vibrating screens are now fre- 
quently used for screening fine sizes. 

For scalping where accurate sizing is not required, bar grizzlies are used. 
Bars should be rolled with a taper. Scrap steel rail, but preferably manganese- 
steel bars, are used especially for abrasive stone. Still other grizzlies of a 
special nature are employed. 


WASHING 


In former years, crushed stone was seldom washed, but use of washing is 
increasing. Use of water jets upon the stone during its passage over screens 
is satisfactory if the stone is merely coated with dust. Scrubbers are not un- 
common, and consist of a cylindrical or conical shell fitted inside with lifting 
plates to agitate material and carry it forward. Chains are sometimes sus- 
pended inside the shell to increase rubbing action, particularly in treating 
smaller sizes. Flow of water may be counter to that of the stone or may be 
discharged with the stone, to be later separated on the screen. A dewatering 
and sizing screen may be integral with this scrubber or may be a separate 
device. A log washer may have to be employed where stone is mixed with 
exceedingly tough clay. 


STOCKPILES 


Storage bins are usually sufficient for only one day’s run. Ground storage 
to provide for variations in demand for different sizes of stone is quite common. 
In some cases, circular stockpiles are built up surrounding towers supporting 
secondary screens for each particular size. Recovery from these stockpiles 
is made from an underground tunnel. Recovery from stockpiles may also be 
by small shovel, bucket loader, or drag scraper. 

Building up stockpiles in layers is desirable to minimize segregation. To 
reduce breakage of stone falling into bins or storage piles, a lowering ladder is 
sometimes used. This consists of a vertical chute filled with baffles at short 
intervals, which break the fall of stone into many short cascades. 








CRUSHED STONE PRODUCTION 


UNDERGROUND MINING 


Production of crushed stone by mining has been increasing in recent years. 
A number of conditions necessitate mining operations, such as excessive over- 
burden and the location of strata having favorable physical or chemical char- 
acteristics. Advantages of mining are production of a cleaner stone, protection 
from inclement weather, with a resulting steadier production, and, with some 
mining methods, the ability to use stopes for storage of broken stone. Because 
of the low unit value of crushed stone, mining methods must be used with a 
minimum of expensive timbering. These underground operations may be 
started by driving tunnels from the open pit into flat-lying or inclined strata. 
The tunnel is fanned out to provide a working face and pillars of rock are left 
at irregular intervals to support the roof. Size and spacing of pillars is de- 
pendent upon strength of rock in the pillars, pressure of the ground, and 
character of the roof. Other systems of mining are used and each location 
requires a special study to determine the most satisfactory method. 


PRODUCTION OF STONE SAND 


Stone sand has been widely used as a fine aggregate in concrete, especially 
for large dam construction. It seems to be desirable that there be a minimum 
of flat and elongated pieces in stone sand and where stone is not abrasive, 
hammer mills or other impact types of crushers are used successfully. Some- 
times sand is made up of screenings resulting from gyratory or cone type of 
secondary crusher, and from rod mills and rolls, all combined. 

Excessive dust passing through the 100-mesh sieve is sometimes removed 
by the dry process or by washing. Different ideas have developed among 
engineers with regard to what constitutes a desirable gradation for stone sand. 
Following is given an example of what. would seem to be an excellent grada- 
tion, although not one easily produced: 


Size Percent 


3¢ in. to No. 4 mesh | 
Mesh: 
4-8 
8-16 
16-30 
30-50 
50-100 
-—100 


Sand having such a gradation should give workable concrete even though 
particles may not all be cubical in shape. If an air-entraining agent is used, 
enough fines are present in this gradation to make the sand react as it should 
for production of air in the concrete. 


SUMMARY 


A partial summary of some modern trends in the crushed stone industry is 
as follows. 
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1. Use of delayed-action blasting to produce better fragmentation and to greatly reduce 
vibration due to blasting, and thus minimize claims for alleged damage from blasting. 

2. Revival of interest in using the drop ball for breaking oversize blocks too large for use in 
the primary crusher. 

3. A shift to diesel power, not only for production of electric power used in driving the plant, 
but also for use as individual drives and for hauling equipment. 

4. Use of surge piles, particularly where the primary crusher is in the quarry and a belt 
conveyor carries stone up to the screening plant. Such a surge pile is insurance against break- 
downs in the quarry and against unfavorable weather conditions and keeps the crushing and 
screening plant uniformly loaded at a high level at all times. 

5. The growing shift to motor trucks for quarry hauling, in some cases light tractors for 
hauling heavy trailers, and in others heavy diesel-powered truck-hauling equipment. 

6. Adoption of large capacity earth-moving equipment for removing overburden. 

7. A tendency toward placing the primary crusher in the quarry, separated from the second- 
ary crushing and screening plant. 

8. Almost entire replacement of revolving screens by vibrating screens for nearly every 
purpose. 

9. Gradual enlargement of well-drill holes, from 55% in., formerly the standard, up to 9 in. 
Use of the wagon drill to a greater extent than hitherto, particularly for benches not exceeding 
30 ft, and increasing use of detachable drill bits for pneumatic machines and jack hammers. 

10. Increasing use of pan feeders ahead of the primary crusher to regulate the rate of feed 
and to tilt large pieces of stone to prevent jamming of the crusher. 

11. Storage of stone, crushed and screened to specific sizes, in stockpiles over belt con- 
veyors working in tunnels under stockpiles, which provides flexibility in making stone of any 
desired gradation. This system promotes easy recovery from the stockpile. 

12. Use of electrically heated vibrating screens for screening very fine sizes of damp stone. 


ACKNOWLEDGMENT 


The foregoing report is based largely on Chapter 12, “Crushed Stone,”’ by 
A. T. Goldbeck in /ndustrial Minerals and Rocks, published by the American 
Institute of Mining and Metallurgical Engineers, New York, N. Y., 1949. 


BIBLIOGRAPHY 


1. Bowles, Oliver, The Stone Industries, McGraw-Hill Book Co., Inc., New York, N.-Y., 
1934, 519 pp. 

2. Bowles, Oliver, ‘Metallurgical Limestone, Problems in Production and Utilization,” 
U. S. Bureau of Mines Bulletin No. 299, 1929, 40 pp. 

3. Bowles, Oliver, “Chalk, Whiting, and Whiting Substitutes,” U. S. Bureau of Mines 
Information Circular No. 6482, July 1931, 13 pp. 

4. Bowles, Oliver, and Banks, D. M., “Limestones, I—General Information,” U.S. Bureau 
of Mines Information Circular No. 6723, June 1933, 21 pp. 

5. Bowles, Oliver, “Economics of Crushed-Stone Production,’ U. S. Bureau of Mines 
Economics Paper No. 12, 1931, pp. 54-62. Contains a bibliography on all phases of the crushed 
stone industry. 

6. Directory of the Rock Products Industry, Tradepress Publishing Co., Chicago, III. 

7. Emery, A. H., “Mineral Fillers for Sheet-Asphalt Paving Mixtures,” American Institute 
of Mining and Metallurgical Engineers Contributions No. 17, 1933. ' 

8. Goldbeck, A. T., “Crushed Stone for Railroad Ballast,’ Crushed Stone Journal, Apr. 
1936, pp. 3-9. 

9. Goldbeck, A. T., “Facts for the Crushed Stone Salesman,” Crushed Stone Journal, Mar.- 
Apr. 1932, pp. 5-12. 

10. Goldbeck, A. T., ““How Crushed Stone Should Be Graded for Different Purposes and 
Why,” Crushed Stone Journal, Oct. 1931, pp. 5-23. 





ny te memmerreree ter 


. 
! 
. 


CRUSHED STONE PRODUCTION 771 


11. Goldbeck, A. T., “Tests for the Traffic Durability of Bituminous Pavements,” National 
Crushed Stone Assn. Bulletin No. 9, 1936, 28 pp. 

12. Heiland, C. A., “Exploring with Explosives,” Explosives Engineer, Dec. 1935, pp. 359- 
379. 

13. Jackson, F. H., Jr., “Methods for the Determination of the Physical Properties of Road 
Building Rocks,” U. S. Department of Agriculture Bulletin No. 347, 1916, 28 pp. 

14. Key, F., and Lamar, J. E., ‘Limestone Resources of Illinois,” Jllinois State Geological 
Survey Bulletin No. 40, 1925. 

15. Knibbs, N. V. 8., Lime and Magnesia, D. Van Nostrand Book Co., New York, N. Y., 
1924, 306 pp. 

16. Lamar, J. E., ‘Limestone for Sewage Filter Beds,” Illinois State Geological Survey Re- 
port of Investigations No. 12, 1927. 

17. Miller, B. L., ‘‘Limestones of Pennsylvania,’ Pennsylvania Geological Survey Bulletin 
No. M20, 1934, 729 pp. 

18. Robotham, C. A., “Mining Limestone by a Caving Method at Crestmore Mine of the 
Riverside Cement Co., Crestmore, Calif.,’”’ U. S. Bureau of Mines Information Circular No, 
6795, 1934, 20 pp. 

19. Shaw, E., “Plotting Sieve Tests of Aggregates,’ Rock Products, Oct. 8-Nov. 5, 1932. 

20. Shepard, E. R., “Subsurface Exploration by Earth Resistivity and Seismic Methods,”’ 
Public Roads, June 1935, pp. 57-74. 

21. Standard Specifications for Highway Materials and Methods of Sampling and Testing, 
American Assn. State Highway Officials, Part I, Specifications; Part II, Tests. 

22. “Principles of Highway Construction as Applied to Airports, Flight Strips, and Other 
Landing Areas for Aircraft,’”? Public Roads Administration, June 1943. 

23. Thoenen, J. R., “Study of Quarry Costs,” U.S. Bureau of Mines Report of Investiga- 
tions No. 2911, 1929, 12 pp. 

24. Thoenen, J. R., “Study of Quarry Costs, Trap Rock, Sandstone, and Granite,” U. S. 
Bureau of Mines Information Circular No. 6291, 1930, 24 pp. 

25. Thoenen, J. R., “Tabular Index of Bureau of Mines Information Circulars on Mining 
and Milling Methods,” U. S. Bureau of Mines Information Circular No. 6858, 1935, 105 pp. 
Gives detailed descriptions and costs of quarrying and mining at specific stone plants. 

26. Thoenen, J. R., “‘Underground Limestone Mining,” U. S. Bureau of Mines Bulletin 
No. 262, 1926, 100 pp. 

27. Tyler, P. M., and Bowles, Oliver, ““Economic Notes on the Nonmetallic Mineral In- 
dustries,” Transactions, American Institute of Mining and Metallurgical Engineers, 1934, 
pp. 109, 318. 

28. Woolf, D. O., “Results of Physical Tests of Road-Building Rock,” U.S. Department of 
Agriculiure Miscellaneous Publication No. 76, 1930, 148 pp. 

In Rock Products 

29. Acme Limestone Co. makes crushed-stone sand, Aug. 1937, p. 69. 

30. Hiwassee Dam aggregates producing plant, Sept. 1938, p* 28. 

31. Gibsonburg Lime Products, comparative diesel costs, May 1939, p. 45. 

32. Deleterious materials eliminated by Pennsylvania producers, Apr. 1939, p. 34. 

33. Cubical stone, crushing for, June 1939, p. 40. 

34. Belmont Trap Rock Co., method of removing clay balls from stone, Mar. 1940, p. 56. 

35. Columbia Quarry Co. uses surge storage, June 1940, p. 52. 

36. Lime Bluff Co. dries and cleans aggregates and at same time saves the dust, Jan. 1940, 

. 80. 

37. Minnesota Mining and Manufacturing Co., method of drilling quartzite, Jan. 1940, 
2 e 

38. New York Trap Rock Corp., methods of haulage, Feb. 1940, p. 50. 


Pittsburgh Limestone Co. makes stone sand a new way, Mar. 1940, p. 35. 





772 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE May. 1954 


40. Virginian Limestone Corp., method of removing clay balls from crushed stone, Dec. 
1940, p. 26. 

41. Weston and Brooker Co. makes stone sand from screenings blended with sand, May 
1940, p. 30. 

42. Weston and Brooker Co., method of eliminating segregation in trucks and cars, Jan. 
1940, p. 73. 

43. Birmingham Slag Co. enlarges plant for Cherokee Dam, description of plant, Dec. 1941, 
p. 43. 

44. Consolidated Quarries Corp., stock-piling arrangements, Apr. 1941, p. 49. 

45. Palmetto Quarries Co. builds new crushed stone plant with permanent concrete struc- 
tures, Oct. 1941, p. 28. 

46. Virginian Limestone Corp. stone sand plant, Jan. 1941, p. 35. 

47. Bethlehem Steel Co. recovers agstone from stone sand by wet process, May 1942, p. 60. 

48. Birmingham Slag Co., description of crushed stone plant at Douglas Dam, Dec. 1942, 
p. 54. 

49. Cedar Bluff Quarry, Princeton, Ky., description of haulage facilities, Nov. 1942, p. 50. 

50. Cedar Bluff Quarry, Princeton, Ky., description of drilling-blasting operations, Oct. 
1942, p. 56. 

51. Central Rock Co., Lexington, Ky., description of mining operations, Sept. 1942, p. 36. 

52. Lynn Sand and Stone Co., Swampscott, Mass., dust collection at plant, Apr. 1942, p. 44. 

53. Melvin Stone Co., Melvin, Ohio, crushing and description of plant, Aug. 1942, p. 26. 

54. New Enterprise Stone and Lime Co., description of blasting operations, July 1942, p. 37. 

55. New Enterprise Stone and Lime Co., New Enterprise, Pa., description of plant (using 
two systems of grinding), May 1942, p. 56. 

56. New York Trap Rock Corp., description of plant (haulage), Jan. 1942, p. 59. 

57. Smith Material Co., Austin, Pa., crusher developments, Jan. 1942, p. 90. 

58. Aggregates plant at Fontana Dam, Sept. 1943, p. 49. 

59. General Crushed Stone Co., Oaks Corner, N. Y., description of dust collection system 
(wet), July 1943, p. 52. 

60. Melvin Stone Co. uses electric ballast car for stock-piling, Oct. 1944, p. 66. 

61. Basalt Rock Co., Napa, Calif., jetty stone for Alameda Naval Air Base, Dec. 1945, p. 92. 

62. Columbia Quarry Co., Krause, IIl., description of haulage operations, July 1945, p. 56. 

63. Columbia Quarry Co., description of agstone plants, Apr. 1945, p. 77. 

64. Columbia Quarry Co., St. Louis, Mo., converts Krause, IIl., plant to diesels, Aug. 1946, 
p. 80. 
65. Lynn Sand and Stone Co., Swampscott, Mass., drop ball in quarry, Sept. 1946, p. 56. 


Other pertinent references 

66. ASTM Standards, latest edition including sections on concrete and road materials, 
American Society for Testing Materials, Philadelphia, Pa. 

67. Pit and Quarry Handbook, Complete Service Publishing Co., Chicago., Il. 

68. “Discussion of Operating Problems,” Proceedings, 29th Annual Convention, National 
Crushed Stone Assn. 

69. “Discussion of Operating Problems,” Proceedings, Annual Conventions of the National 
Crushed Stone Assn., 1947 to 1954. 

70. ‘Trends in Crushed Stone Production,” presented by Nelson Severinghaus before the 
meeting of the American Institute of Mining and Metallurgical Engineers, 1947. 

71. Numerous other pertinent articles or standards are to be found in Pit and Quarry and 
Rock Products, in reports of the U. 8. Bureau of Mines, The Crushed Stone Journal, Technical 
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Cellular Concretes* 
Part 1 


Composition and Methods of Preparation 


By RUDOLPH C. VALORE, JR.t 


SYNOPSIS 


A review is given of methods of preparation and physical properties of moist- 
and high-pressure steam-cured cellular concretes, ranging in density from 10 
to 100 lb per cu ft, as they have evolved in Europe in the past 30 years. Data 
are given for Swedish, Danish, Russian, German, British, and Belgian mate- 
rials, and for experimental mixtures prepared at the National Bureau of 
Standards. The most economical and controllable cell-forming process, 
which is preformed foaming, employs hydrolyzed protein foaming agents. 
Aluminum powder and hydrogen peroxide gas-forming processes and the ex- 
cess water process are also described. 

Moist-cured materials contain portland cement, neat or with sand; they are 
used as insulation, roof or floor fills, and for fire protection. Cellular neat 
cement has adequate strength for structural use at densities above 40 lb per 
cu ft but the linear drying shrinkage ranges from 0.3 to 0.6 percent. Cement- 
sand mixtures have lower strength, higher shrinkage, and higher absorption 
than lightweight aggregate concretes of comparable density. 

Autoclaved materials contain portland cement or lime and finely divided 
siliceous materials such as ground sand, fly ash, and burned oil shale. Ratios 
of binder to “‘pozzolan” range from 1:0.5 to 1:4 for cement and 1:1 to 1:6 for 
lime, depending on fineness and composition of the binder and siliceous ma- 
terial. 

Compressive strengths were 250 to 1000 psi at 30 Ib per cu ft, 400 to 2000 
psi at 40 lb per cu ft, and 800 to 3000 psi at 50 lb per cu ft. Flexural strengths 
were 1/5 to 1/3 of the compressive strength. Drying shrinkages ranged from 
0.01 to 0.10 percent. Water absorptions were 20 to 50 percent by volume. 
Elasticity, thermal expansion, fire resistance, and acoustic properties are 
also discussed. 





Thermal conductivity data from various sources are in good agreement 
and are a function of density from 10 to 70 lb per cu ft, regardless of composi- 
tion, cell-forming process, or curing. 


INTRODUCTION 


Concretes weighing from 10 to 100 lb per cu ft and having a homogeneous 
void or cell structure are herein termed “cellular concretes.’’ This definition 


*Presented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-48a (in two 
parts with No. 50-48b scheduled for June) is a part of copyrighted JourRNAL or THE AMERICAN CONCRETE INstTI- 
TuTE, V. 25, No. 9, May 1954, Proceedings V. 50. Separate prints of the entire paper (Part 1 and Part 2) will be 
available in covers at $1.00 each. Discussion considered on the basis of the entire paper (copies in triplicate) should 
reach the Institute not later than Sept. 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

t+Member American Concrete Institute, Materials Engineer, National Bureau of Standards, Washington, D. C. 
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does not ordinarily encompass lightweight aggregate concretes, the properties 
of which have been described earlier.!:* 

Low density and low thermal conductivity of lightweight aggregate con- 
cretes, when compared with ordinary concrete, are usually accomplished at 
some sacrifice of strength, dimensional stability, and desirable moisture prop- 
erties. The degree in which important properties of cellular concretes differ 
from those of better-known lightweight materials has not been comprehensively 
reported in American literature. It is therefore a purpose of this paper to 
summarize from the literature of Europe, where these materials are well 
known, and from a study in progress at the National Bureau of Standards, 
the properties and methods of preparing cellular concretes of various types. 


History 

Lach’ summarized the early patent literature and Graf‘ cited relevant patents 
in his 1949 monograph summarizing his earlier publications and other litera- 
ture. Kudriashev’s 1949 monograph’ gives a history of Russian autoclaved 
cellular concretes. Slate’s® bibliography of cement and concrete contains ¢ 
comprehensive list of references on patent and other literature on cellular 
concretes. Whitaker’ recently reviewed literature on cellular and other light- 
weight concretes. 

The earliest patent forming a basis for currently used processes was granted 
to Aylsworth and Dyer* in 1914 on the use of aluminum and other powdered 
metals and calcium hydroxide as gas-forming agents in cementitious mixtures. 
Patents granted to Adolf and Pohl® since 1929 cover the use of hydrogen 
peroxide and sodium or calcium hypochlorite for similar purposes. 


Bayer’® was granted patents beginning in 1923 on the preparation of cellular 
concretes by ‘“‘foaming”’ processes, including the blending of preformed air- 
foams into cementitious slurries; curing in high-pressure steam was recom- 
mended. Rice!!-'® was granted several patents beginning in 1929 on a number 
of foaming agent formulations, mixing procedures, and mixing machines. 
Significant developments since 1936 in air-foams used to combat gasoline 
fires are chronicled in the patents on hydrolyzed protein foaming agents 
listed by Clark.’ 


Ippach and Bieligk'* were granted a French patent in 1923 on “cellular” 
concrete made with excess water instead of a gassing or foaming agent. 


Patents granted Eriksson!® since 1923 cover the use of aluminum powder 
in moist-cured and autoclaved concretes containing lime and burned oil 
shale. Patents of Lindman?’ and Sahlberg*! cover the use of fly ash and 
finely divided silica, respectively, in cellular concretes. 


Types of cellular concrete 

Generic terms used abroad for cellular concretes have been “porous con- 
cretes,” “foamed concretes,” and “aerated concretes,” irrespective of the 
method of producing the cell structure. In Sweden and Germany definitive 
categories are used: “gas concretes,”’ “foam concretes,” and “light lime con- 
cretes” with the gas and foam designations connoting use of portland cement. 
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It is proposed here to divide cellular concretes into two major groups, 
according to the method of curing. In one group are materials subjected to 
moist curing (including steam curing at atmospheric pressure) and in the other 
are those cured in an autoclave (at temperatures near 350 F). This classifica- 
tion will itself differentiate the materials in some degree with respect to com- 
position, physical properties, and, uses. 

Within each type, cellular concretes may be graded according to density. 
Materials weighing as little as 10 or 20 lb per cu ft when dry may have only 
sufficient strength to hold their shape and may be used as thermal insulation. 
Densities of load-bearing cellular concretes may range from 35 to 100 lb per 
cu ft; compressive strengths in this density range may range from several 
hundred to 10,000 psi. In a third category are the “‘fill’’ concretes which com- 
bine insulation with modest compressive strengths (as low as 60 psi) in roof 
and floor fills. 


Commercial production and applications 

Commercial production of cellular concrete has attained a high level in 
Sweden where virtually all concrete masonry is of this material. Most of the 
Swedish production of almost 1,000,000 cu yd annually of the autoclaved type 
is provided by two companies. One of the products** is made from limestone 
and oil shale which are burned together; this ‘‘shale-lime”’ is ground to a fine 
powder and then mixed with aluminum powder, other chemicals, and water. 
Large molds are partially filled with the thin slurry. As the gas generation 
nears completion the material overflows the molds; after initial set, excess 
material is struck off (to be re-used in a following batch), the sides of the 
molds are removed, and the largé masses of material are cut into smaller 
units. These units are then cured in an autoclave. 

The other major Swedish cellular concrete** is made by a similar process 
with portland cement, ground silica sand, and aluminum powder. Properties 
listed in sales literature for both materials are similar.??:?* The materials used 
most widely in building block form have a density of about 40 to 44 lb per cu 
ft and compressive strengths claimed are 800 to 1000 psi. 


Swedish construction with cellular concretes employs some innovations. In 
one application a suitably braced wall of low-density block is the exterior form 
for ordinary concrete which forms the structural part of the wall. The ex- 
ternal “insulation-form”’ is later stuccoed. It is claimed that the increased 
proportion of the total heat capacity contained within the external insulation 
reduces temperature fluctuations in a building, due to changes in weather. 
A variety of special shapes is manufactured by each of the two major companies. 
Reinforced roof planks, beams, and lintels are widely used; unreinforced panels 
are also made. These autoclaved cellular concretes can be sawn with a car- 
penter’s saw more easily than an equal thickness of wood and are said to be 
nailable. 


A British firm produces a similar product using portland cement, fly ash, 
and aluminum powder.” 





776 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE May 1954 


Autoclaved cellular concretes produced in Russia and moist-cured materials 
produced in several European countries are made according to the prefoaming 
processes of Bayer’ and are described by Kudriashev® and a Danish construc- 
tion firm,** respectively. German materials made by various processes have 
been described by Wates** and Bessey.*’ Graf‘ described a number of German 
materials, including those made by the pracesses of Bayer,'® Wolf, Leuchs, 
and Saenger,”*:?® Adolf and Pohl,*® and Ippach and Bieligk.'* Moist-cured 
neat cement expanded by a chemical process has been produced in the United 
States for a number of years. Commercially available foaming agents and 
equipment for producing cellular concretes by preformed foam processes have 
recently been developed in Great Britain®® and the United States.*!:*? 


INGREDIENTS OF CELLULAR CONCRETES 
Cementitious ingredients 

The cementitious ingredient of cellular concrete may be portland cement, 
lime, or a blend of both. Cements used in autoclaved products are usually 
norma! portland cements, while in nonautoclaved mixtures high early strength 
cement may be more desirable to reduce curing and form-use times. 

Graf‘ states that different cements produce different results in autoclaved 
products, but indicates no systematic variation in physical properties with 
chemical composition of cements. Graf suggests that the autoclave soundness 
test used in cement testing in this country might aid in selecting cements 
most suitable for autoclaving. 

According to Menzel,** extremes in compressive strength of dense, auto- 
claved cement-silica mixtures (40 percent of silica) were about + 20 percent of 
the mean for 16 brands of portland cement (11 normal portland and 5 high 
early strength). The advantage in using high early strength instead of normal 
portland cement was slight. 

The lime used in autoclaved cellular concretes may be a high-calcium hydrate 
or a high-calcium quicklime. When the hydrate is used, ingredients are usu- 
ally preheated since a “‘set’’ may not occur readily at ordinary temperatures. 
A small proportion of portland cement may be added for this purpose. When 
quicklime is used the “slaking’”’ of lime in the mix immobilizes some of the 
mixing water and generates considerable heat, thus accelerating solidification 
and thereby permitting early autoclaving. 

Pozzolans 

Autoclave curing is most advantageous when a pozzolanic material is used. 
A pozzolan may be defined as a finely divided material rich in silica or alumina 
which, while not necessarily cementitious in itself, will react at ordinary tem- 
peratures with hydrated lime in the presence of water to form insoluble 
cementitious products.** Materials satisfying this definition generally appear 
to be satisfactory in autoclaved products; indeed, some pozzolans only feebly 
reactive at ordinary temperatures are quite reactive at high temperatures. 

Pozzolans which have been found to be satisfactory in autoclaved products 
are ground silica sand, burned oil-shale, fly ash, stack dust from kilns produc- 
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TABLE 1—CHEMICAL AND PHYSICAL PROPERTIES OF SOME POZZOLANS USED 
IN AUTOCLAVED CELLULAR CONCRETES 


National Bureau of Standards O. Graf* 
| Expanded | Expanded | 
Pozzolan properties | Fly Fly Fly shale slate | Silica | Silica | Ground | Burned 
ash ash Silica kiln | kiln ie Se Fe. shale | shale 
| B » I A dust dust 


w 


SiOz ~ 48 99.6 57 

| AlsOs 21 — 35 

Chemical | Fe203 - hes 
compo- | CaO 2 ilo= : 
sition MgO 1 ca “7 
Ignition loss} 8 : <7 


84 3! 44 


A 
to Nd = bo to 


Each of Graf's materials 
used in four gradations 


Percent 100 - ~ - 
passing | 200 87 —- 69 
sieve, No. 325 | 84 | 95 63 


68 76 Sl 9S 
36 43 56 95 


Specific | Blaine | 3260 | 3850 | 3740 
surface, sq | Fisher 


ecm per g sizer | oan 
Specific Water | 2.29 
’ 


» 
gravity Kerosene 2.26 


*See reference 4. 


ing expanded lightweight aggregates, ground clay brick or tile, voleanic ash, 
granulated slag, glass polishing waste, diatomaceous earth, and pumice dust. 
Pozzolan fineness, according to Graf,’ should approximate that of ordinary 
portland cement. Menzel** showed that, on the basis of compressive strength, 
the reactivity of silica and portland cement, when cured at 350 F, is greatest 
for silica passing the No. 200 sieve; for coarser material activity decreases 
as particle size increases, and for material retained on the No. 50 sieve long 
curing periods at 350 F were required to show appreciable activity. Partial 
chemical analyses and finenesses of some pozzolans used in cellular concretes 
at the NBS and in mixtures reported by Graf‘ are shown in Table 1. 

Compressive strengths of dense and cellular neat cement pastes are much 
lower after autoclaving than after 7 to 28 days of moist curing, according to 
Menzel** and NBS data; the same was true of Menzel’s noncellular mixtures 
containing ground limestone. There is disagreement on whether the lime- 
stone is merely inert or whether it has a deleterious effect; Graf* holds the 
latter view, but Nurse*® has found no evidence of deleterious effects. In 
cement-pozzolan mixtures of a wide range of proportions, autoclaved strength 
is much higher than for neat cement, and may be higher than might be attained 
by the mixture after years of moist curing. Nurse*® has suggested that favor- 
able effects of autoclaving some lightweight aggregate concretes, to which a 
pozzolan was not deliberately added, may be due to pozzolanic activity of the 
lightweight aggregate itself. 


Aggregates 

Autoclaved cellular concretes may contain no aggregates in the usual sense, 
although a pozzolan, when used in relatively high proportions or when con- 
taining appreciable amounts of coarse material, serves the functions of aggre- 
gate as well. A material developed recently in this country contains coarse 





778 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE May 1954 


lightweight aggregate in a foamed matrix of lime and silica. Moist-cured 
‘no-fines”’ concretes containing siliceous gravel, expanded shale, foamed slag, 
and pumice, and 20 to 35 percent of entrained air have been studied recently 
at the National Bureau of Standards.*” These cellular-lightweight aggregate 
concretes are a departure from European practices. 

The aggregates generally used in moist-cured cellular concretes are dense 
siliceous sands. Most of Graf’s* moist-cured cellular concretes made by gas 
processes contained sands having 10 to 20 percent passing the No. 100 sieve 
and less than 5 percent passing the No. 200. In Graf’s concretes of identical 
density and cement content, sand gradation had little effect upon compressive 
strength, except for concrete containing the finest sand, which had a markedly 
lower strength. 

Coarse aggregates are not used when a gas-generating process is employed 
because, prior to gas generation in sufficient quantity to ‘“‘thicken” the thin 
slurry, the larger particles do not remain uniformly suspended. 


Accelerators 

Moist-cured cellular concretes have a low strength potential relative to 
ordinary dense concrete. Without acceleration, the time required for removal 
of forms, or for handling precast elements, must be extended beyond require- 
ments of convenience and economy. In autoclaved cellular concretes large 
changes in temperature prior to or during the onset of solidification may dis- 
rupt the cell structure. Shortening the period between mixing and autoclaving 
is desirable. In some European commercial applications, in which aluminum 
powder or hydrogen peroxide gas generating processes are employed, all mate- 
rials are stored at a uniform elevated temperature prior to and following mix- 
ing so that acceleration due to heat is attained without large changes in tem- 
perature. Storage temperature in such cases may be 100 to 120 F. The use of 
mixing water at 150 F was recommended in a process patented in 1927 by 
Schenck.*® 

Chemicals successfully used for accelerating setting and strength develop- 
ment of portland cement concrete are usually satisfactory in cellular con- 
cretes.* Experience at the NBS with materials made by foaming processes 
indicates that when calcium chloride, other salt solutions, or waterglass are 
used they should be added and mixed into the slurry prior to introducing pre- 
formed foam or foaming agent, to avoid loss of air. Sodium hydroxide, tri- 
ethanolamine, or high alumina cement may cause flash set if incorrectly used. 
High alumina cement should not be used in autoclaved materials because 
autoclaving destroys the cementitious value, according to Endell.*® Calcium 
chloride has been used in moist-cured and autoclaved cellular concretes with 
high early strength cement.*° 


Waterglass has been used in German moist-cured cellular concretes as a 
foam stabilizer and accelerator, according to Graf,‘ and has been used to ad- 
vantage at the NBS in some autoclaved cellular concretes. Addition of 5 per- 


b rae gate is not aware of any effective chemical accelerator for the reaction between a pozzolan and calcium 
ydroxide. 
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cent of waterglass, by a: 
weight of cement, (an - 
amount recommended) 
constitutes approximately 
0.5 percent of Na.O by 
weight of cement. Water- 
glass appears to accelerate 
initial solidification but not 
later strength development, 
according to Graf ;* calcium 
chloride accelerates early 
solidification and strength 
development as well. With 
certain ingredients and l i \ 
some foaming agents water- ate teers 
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Fig. 1—Relation of cement content of moist-cured and 
In the hydrogen perox- autoclaved cellular concretes to dry density and propertions. 


ide-calecium hypochlorite (Specific gravity need “ aprencies or pozzolans was 
<a . -2 to 2. 
process, calcium chloride is 


a reaction product. In the aluminum powder process supplementary alkali 
in the form of sodium hydroxide is often added.*! 

Some proprietary dispersing-accelerating agents have been quite effective 
in NBS tests. Some of these agents counteract stability of certain mechanical 
foams, however. 


Acceleration of initial solidification of cement-pozzolan mixtures made by 
foaming processes appears to be essential. 


PROPORTIONS OF CELLULAR CONCRETES 


Cement content 

Fig. 1 shows cement contents as a function of dry density and proportions 
as calculated from data of Graf,* the NBS, and manufacturers of foaming 
agents. At 40 lb per cu ft, cement factors ranged from about 2.5 bags per cu 
yd, for mixtures proportioned 1:3 by weight, to 11 bags per cu yd for neat 
cement. For mixtures containing sand, silica flour, or fly ash, proportioned 
1:1.5, the cement factor at 40 lb per cu ft was about 4 bags per cu yd. Most 
of Graf’s autoclaved mixtures and some European commercial cellular con- 
cretes containing silica were proportioned 1:2, by weight, and contained 3 to 
3.5 bags of cement per cu yd at 40 lb per cu ft. 

Menzel** indicated that in noncellular mixtures autoclaved at 350 F for 
15 hr optimum proportions of cement to pozzolan, on the basis of compressive 
strengths, depended upon the chemical nature and particle size of the pozzolan. 
For a graded silica passing the No. 200 sieve, the optimum proportions were 
1:0.35 to 1:0.7 (cement to silica, by weight); for a fly ash (believed to be 


*The effect of added alkalies in autoclaved mixtures is not known to the author. 
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similar to fly ash C in Table 1) optimum mixtures were in the range 1:0.5 to 
1:2. 

Menzel** has also shown that proportions optimum with respect to strength 
may be least favorable with respect to drying shrinkage. A compromise be- 
tween economic and technologic factors has resulted in commercial use of lower 
cement contents than the optimum values of Menzel. 

Moist-cured cellular concretes made in Europe have been proportioned 
(cement to sand) 1:1 to 1:4; the greater the proportion of aggregate, the 
higher was the density for a material of adequate strength. 


Cement factors shown in Fig. 1 were calculated for aggregates or pozzolans 
having specific gravities of 2.5 to 2.6. 


Lime content af autoclaved cellular concrete 

At a dry density of 44 lb per cu ft, optimum proportions (with respect to 
strength) of lime hydrate to silica were found by Graf* to be 1:2 to 1:3, or 285 
to 450 lb of hydrate, containing about 70 percent of CaO, per cu yd of concrete. 
Kudriashev’s® optimum ratios were 1:2.5 for quicklimes containing 50 to 60 
percent of CaO, and 1:5 for those containing 85 to 90 percent of CaO. These 
studies indicated that optimum quantities of lime were smallest for limes of 
highest CaO content and for the coarsest silicas. With silicas of cement fine- 
ness, Graf found that optimum lime contents were higher, and strengths for 
optimum lime contents much highei, than for coarser silicas. 

Optimum proportions of binder to pozzolan were much lower for lime than 
for cement, especially when high-CaO material was used. Use of too much 
binder seriously lowered strengths in either case. 

Kudriashev® developed data on the relation of strength to proportions for 
mixed binders of lime and portland cement. In one series of autoclaved mixes, 
the binder consisted of equal parts of quicklime (66 percent of CaO) and 
portland cement. Binder and silica were wet ground together in proportions 
of 1:1.5 to 1:5. The strength of 1:4 mixtures (1:1:8, lime-cement-silica) was 
higher by 67 and 47 percent than for 1:3 and 1:5 mixtures, respectively. 
In another series lime was used as an admixture in autoclaved 1:3 cement- 
silica mixtures; 0 to 25 percent of lime, by weight of cement, was added. The 
mixture with 10 percent of lime had the highest strength, which was 27 
percent higher than for mixtures without lime. 


Water ratios 

In NBS and other cellular neat cements, water-cement weight ratios ranged 
from 0.4 to 1.25, with materials of lowest density requiring the highest ratios. 
NBS mix-foamed neat cements having densities of 12 to 50 lb per cu ft had 
W/C ratios of 0.9 to 0.4, respectively. 

Cellular concretes containing sand required W/C ratios of 0.8 to 1.25 in the 
range of 50 to 80 lb per cu ft when proportioned 1:2 to 1:4; higher W/C ratios 
were used at lower densities for each cement-sand ratio. At the same density 
the W/C ratio increased with the proportion of sand.*>.*° 

For autoclaved mixtures containing finely divided pozzolans, the water- 
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solids ratio appears to be of greater significance than the water-cement or 
water-lime ratios. Water-solids ratios of NBS mixtures ranged from 0.45 to 
0.85. Lowest values, for silica and fly ash C of cement fineness, varied little 
with proportions. The highest values, for expanded slate kiln dust (much 
finer than the cement) and for fly ash D (containing 9 percent of carbon but of 
the same fineness as the cement), depended to a marked extent on the propor- 
tion of pozzolan used. 

Water-solids ratios of Graf’s* 1:2 and 1:3 cement-silica H2O2-formed mix- 
tures were 0.45 to 0.60, and for cement-burned shale mixtures similarly made 
and proportioned, ratios were 0.67 to 0.72 and proportions had little effect on 
the water ratio. The silica and shale of the NBS mixtures were much finer than 
those of Graf. 

Kudriashev® regarded 0.35 to 0.60 as optimum water-solids ratios for pre- 
foamed, lime-silica mixtures made with coarser materials than those used at 
NBS; Kudriashev’s higher ratios were for his more finely divided ingredients. 

For cellular concretes in general, it is customary to gage the proper amount 
of water in a mix by consistency rather than by a predetermined water-cement 
or water-solids ratio. 

Inasmuch as properties of cellular concretes are always compared in relation 
to dry rather than to wet densities, very wet mixtures are not precluded. In 
the excess-water process all of the ‘‘cells’’ are micropores remaining after evapo- 
ration of excess water, and the water-cement ratio loses completely the con- 
notation it carries in conventional concretes; water-cement or water-lime 
ratios of 5 to 10, or whatever value is necessary to obtain the desired density, 
may be used. 


PREPARATION OF CELLULAR CONCRETES 


The necessarily intimate degree of mixing of the finely divided ingredients 
of cellular concrete may be accomplished most efficiently by rapid mixing. 
Small amounts of gas-generating chemicals must be dispersed uniformly in a 
fluid mixture to produce a homogeneous cell structure. Efficient use of foam- 
ing agents in the mix-foam method requires rapid beating or whipping action; 
in the preformed foam process, rapid mixing produces a homogeneous structure 
of relatively small and stable air cells free from foam inclusions. 

Kitchen-type mixers are suitable for small experimental batches, and for 
larger batches types used for mixing dough in bakeries are satisfactory. 
Rice!*:!* has designed mixers with rotating paddles and screens. Horizontal- 
drum mixers with rotating paddles, of the types used for mixing plaster or 
mortar, may be readily adapted for mixing cellular concretes in which either 
a gassing or foaming process is used. The 3-cu ft mixer used at NBS has : 
motor which permits continuous variation in paddle speed from 30 to 90 
rpm (Fig. 2). <A greater degree of homogeneity in some mixtures resulted 
when 34-in. steel mesh was attached to the paddle arms. “Blenders” with 
vertical drums and paddles rotating at speeds up to several hundred rpm have 
been used by others.!?*° Ordinary tilt-drum concrete mixers may be satis- 
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factory when preformed 
foam is used; in one in- 
stance, however, it was 
necessary to run the mixer 
backwards for a short peri- 
od to obtain satisfactory 
blending of foam into other 
mix ingredients. 
Chemical processes 
The most widely used 
gassing agents are alumi- 
num powder and hydrogen 
peroxide.* In theory, a 
" known quantity of gassing 
. ~W agent reacts with chemi- 


= cals, added or otherwise 

Fig. 2—Horizontal-drum mixer modified for mixing cellular present in a cementitious 
concretes; horizontal paddles with mesh attached rotate at i 

speeds from 30 to 90 rpm mixture, to generate a 


known volume of gas. 
Ideally, the mixture thereupon expands a predetermined amount. 


Aluminum powder process—In portland cement mixtures sodium hydroxide 
may be added with aluminum powder to accelerate the reaction and, by de- 


creasing hydrogen ion concentration of the mixture, permit all aluminum 
present to be consumed in the reaction, according to Caldwell.*! Caldwell 
gives the reaction ast 

2Al+2Na0H +2H.0 =2Na AlO,. + 3H, 
According to this equation, 1 lb of aluminum liberates about 20 cu ft of hydro- 
gen under standard conditions of pressure and temperature. For certain mix- 
tures having a density of 40 lb per cu ft, expansion should be approximately 
100 percent, and cell volume about 50 percent of the expanded mixture. The 
theoretical aluminum requirement, per cu yd of concrete, should then be a 
minimum of about 0.6 to 0.8 lb. This requirement would be influenced, to 
some extent, by the proportions of solids, and to a greater extent by appreci- 
able variations in water content of the mixture. In practice, and in experi- 
ments at the NBS, the aluminum requirement in neat cement mixtures has 
been 30 to 100 percent higher than the theoretical. In 1:1 and 1:2 mixtures 
containing cement and sand, silica, or fly ash, the requirement has been 20 
to 200 percent higher than the theoretical, according to Graf‘ and others. 
Under the best conditions, about 1 lb of aluminum per cu yd of concrete is 
an average amount needed for a density of 40 lb per cu ft. 


Efficiency of aluminum powder may be influenced by the amount of sodium 


*Other suitable powdered materials, which are considered to be more expensive and difficult to use than alumi- 
num, are magnesium, calcium, zinc, barium, lithium, or carbides of calcium or barium.’ Other gas-forming proc- 
esses include use of electrolysis,‘2 chlorine, oxygen, and nitrogen compounds,** agents liberating ozone,“* and urea 
and calcium hypochlorite.“ A method used commercially on a limited scale in Germany is that of Platsch** which 
employs a mixture of aluminum powder and calcium carbide; gases evolved are hydrogen and acetylene. 

+The reaction of aluminum and calcium hydroxide is: 2Al+ 3 Ca (OH)2= Als (CaO)3+ 3 He 
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hydroxide used, which is usually two to three times the weight of the alumi- 
num; by particle size of the aluminum, which is usually finer than 50 microns; 
by the purity and degree of agglomeration of the aluminum particles; and by 
means taken to prevent escape of gas from the mixture before hardening. The 
last-mentioned factor requires an agent to stabilize the gas cells; foaming 
agents such as saponin or a neutralized resin have been used for this purpose. 

Aluminum powder may be added to the cement slurry or it may be mixed 
dry with the cement; water, stabilizing agent, and aggregate or pozzolan may 
then be added and mixed for a short period; sodium hydroxide is usually added 
last, followed by a final short mixing period. Molds are partially filled with 
the’ thin slurry, which expands as hydrogen is generated, in from 20 min to 
more than an hour. If the cells are not stable, the mixture may collapse after 
expansion is complete or the mixture may be denser at the bottom than at the 
top; these difficulties may be overcome if solidification begins shortly after 
completion of expansion. If the cells are irregular, rather than spherical in 
shape, due either to agglomeration of aluminum particles or instability of 
the cells, excessive lowering of final strength occurs. The method is said to 
require precise control of temperature. *’ 

Despite various difficulties and the critical nature of required precautions, 
some products produced by the aluminum powder method are of excellent 
uniformity, especially when produced on a large scale with close control of raw 
materials and manufacturing conditions. The scatter in density values 
reported by’ Vinberg**® for factory-produced materials under optimum con- 
ditions indicates that precise control of density is difficult. 

Hydrogen peroxide process—Reaction between hydrogen peroxide and cal- 
cium hypochlorite (bleaching powder) is given by Graf‘ as 

CaCl (O Cl) + HO, = Ca Cl, + O2 + HO 
The ratio used of commercial bleaching powder (with 70 percent of active 
chlorine) to hydrogen peroxide (30 percent solution) may be 1.5 or higher. 
One pound of 30 percent H202 evolves approximately 314 cu ft of oxygen, 
according to the equation. For cellular concretes weighing 40 |b per cu ft 
(as considered in the section on the aluminum powder process, p. 782) about 
4 to 5 lb of 30 percent H.202 and 6 to 8 lb of bleaching powder with 70 percent 
of active chlorine are theoretically required per cu yd of concrete. Amounts 
of HO. used in practice in neat cement and mixtures of cement and sand, 
silica, or fly ash have ranged from about 3 to 9 lb per cu yd. Amounts lower 
than the theoretical requirement given above, reported by Graf, were used 
in mixtures containing silica and having water-cement ratios as high as 3; 
the higher water ratios lower the HO. required for a given concrete density 
after drying. The H20,2 process theoretically does not depend upon the 
chemical nature of the cement-water mixture and presents no problems of 
agglomeration, particle size, dispersion, or purity, as use of aluminum powder 
does. Stabilization of cell structure is necessary, however, and saponin, 
neutralized resin, or other foaming or air-entraining agents may be used for 
this purpose. Calcium chloride is evolved from the chemical reaction in 
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TABLE 2—EFFECT OF SPEED OF MIXING ON FOAMING AGENT REQUIREMENT 





} | Amount of foaming agent M 

Proportions, by weight Mixer Mixing | Dry density, Beene Oe ME wey ——_______ 

— time, | Ib per cu ft By weight of Per cu yd of 
Cement Fly ash C | min | cement, percent | concrete, lb 


6 
3 











1 
1 
1 
1 














amounts sufficient to accelerate solidification of the mixtures (almost 2 percent 
by weight of cement in 1:2 cement-silica mixtures weighing 40 lb per cu ft 
when dry). 


Graf‘ has indicated that the oxygen and calcium chloride evolved in the 
H.Oz process cause rusting of steel reinforcement and recommends that molds 
of noncorrosive material be used. Graf has also shown that the density may 
be considerably lower at the top, than at the bottom of a specimen, and for 
this reason the height to which the freshly mixed material may expand should 
be limited to not more than 16 in.* 


In the hydrogen peroxide process the gas may, if desired, be almost entirely 
evolved during mixing, or alternatively most of it may be evolved in the molds. 
When hypochlorite is added and mixed into a pre-mixed slurry prior to adding 
and mixing the peroxide, “‘mix-expansion” occurs.f More gradual “mold 
expansion” occurs when the order of adding and mixing of the chemicals is 
reversed. Mix-expansion permits measuring the density of the expanded 
concrete before molding; this cannot be done when aluminum powder is used. 
A high degree of reproducibility is claimed for the peroxide process. It is 
claimed that cell size may be controlled by the choice of cell-stabilizing 
material.*® 


Foamed cellular concrete 


Foaming processes used in making cellular concretes are air-entraining in 
character and some agents used in structural sand-gravel air-entrained con- 
cretes may be used as foaming agents. The term “foaming” connotes relatively 
high air contents. The following types of foaming agents have been used: 

(a) detergents (sodium laury] sulfate, alkyl aryl sulfonate, and others) 

(b) resin soap and vegetable! or animal®® glue 

(c) saponin 

(d) alkylated naphthalene sulfonate and degenerated glue,*! butylated naphthalene 
sulfonate and waterglass,** and isopropylated naphthalene sulfonate and calcium 
chloride or high alumina cement?® 

(e) proprietary neutralized resin 

(f) hydrolyzed protein such as keratin (“hoof and horn meal’’),!? cattle hooves and 

fish scales,** blood and saponin," and casein 


Graf’s‘ review of ‘“foamed’’ concretes covers only materials made with types 
(b) and (d), and furnishes no data on autoclaved foamed mixtures. Kudri- 


*Dilnot” states and experiences at the NBS have shown that maximum rise is restricted to about 12 in., when 
the aluminum powder process is used. 
‘o provide greater uniformity in mixing, calcium hypochlorite is prepared as an aqueous suspension before 
use. In mixtures made at the NBS, a suspension of 1 part of hypochlorite (70 percent of active Cl) in 3 parts of 
water (by weight) was used. 
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Proportions, by weight Density Amount of foaming agent M 


—— r a — ——- 





; | By weight of Per cu yd of 
Cement Pozzolan* f { Oven dry | cement, percent concrete, lb 


ea dees 913 nAPERORD 
Fly ash C, 1.5 
| Fly ash D, 1.5 | 
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1 | Fly ash B, 1.5 
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Silica A, 1.8 
Expanded slate, 1.8 
Expanded shale, 1.7 | 
Type III neat | 
Type I neat | 
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*Characteristics of pozzolans are given in Table 1. 


ashev® covers types (b), (¢c), and (d) in autoclaved mixtures. Agents in cate- 
gory (f) have begun to be used extensively in cellular concretes in recent years. 
The conclusion reached by Graf that foamed cellular concretes are lower in 
strength than those produced by gas-forming processes is disputed by Dilnot*’ 
and others. Experiences at the NBS with gas and foam processes indicate 
that excellent cellular concretes, indistinguishable in physical properties, 
may be made by both methods. 

Preparation of cellular concrete by a mix-foaming method—In the mix-foam 
method a foaming agent may be added to the mixture after all other in- 
gredients (including an accelerator) have been mixed to a fairly thin slurry. 
At the NBS, after a short period of slow mixing the mixer (Fig. 2) was operated 
at 80 to 90 rpm for a final 2 or 3 min. Consistency after mixing may be that 
of an easily pourable but thick cream; more viscous mixtures are susceptible 
to entrapment of large air voids during mixing or molding. Molds are usually 
filled to overflowing to compensate for some subsidence due to bleeding of 
water through the bottoms of the molds. 

Table 2 shows examples of the effect of speed of mixing on the quantity of 
foaming agent required. 

Examples of the effect of different pozzolans and cements upon foaming 
agent requirements in mixtures mixed at 90 rpm for 3 min are given in Table 3.* 

Table 3 shows that different fly ashes required not only different amounts 
of water, but different amounts of foaming agent; fly ash D actually required 
twice the amount of agent required by fly ash C, but the air content with D was 
only one-half of that obtained with C. Compositions of the pozzolans are 
given in Table 1. 

In addition to effects of mixing speed and of the character of the mix 
ingredients, the quantity of foaming agent required to obtain a given density 
may depend upon the type of mixer used, quantity of materials mixed, 
mix consistency, nature of the accelerator, mix proportions, length of mixing 
period, and, most important, the type and brand of foaming agent used. In- 
jection of compressed air directly into a slurry containing a foaming agent, 
during mixing, was suggested by Rice to improve efficiency of the mix-foaming 
process. '” 


*Three hydrolyzed protein foaming agents were used in preparing most NBS foamed concretes; these are desig- 
nated as M, N, and P, and are believed to be hydrolyzed hooves and fish scales, hydrolyzed blood, and hydrolyzed 
hoof-and-horn meal. 
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Mixing of cellular concretes using pre- 
formed foam—A detailed account of 
an early Russian commercial applica- 
tion of the preformed foam method in 
making autoclaved cement-silica 
lightweight roof plank was described 
by Koudriashoff.*° The foaming agent 
was a rosin soap-glue mixture. Pre- 
formed foam processes were used in 
making commercial moist-cured ma- 
terials in Europe prior to 1926.*° 

The development of hydrolyzed pro- 
tein foaming agents and compressed- 

air foam generators’? of the type 
ee ; shown in Fig. 3 and 4 brought several 
Courtesy Mearl Corp. - ya nufacturers of foaming agents used 
in fire fighting into the cellular con- 
crete field. Development by these 
firms is evolving simple and economical equipment and techniques for prepar- 
ing and using air-foam as an “aggregate” in cellular concretes. Under ideal 
conditions, a quantity of “‘air-foam,’’ containing a definite volume of air, is 
blended (Fig. 5 to 7), without change in volume, into a pre-mixed slurry. 
The foams may have densities of 2 to 5 lb per cu ft and are prepared from 
2 and 4 percent solutions of foaming agents; foam density and concentration 
of the foaming agent solution depend upon the brand of agent used. 
Using the same mixer employed in preparing mix-foamed concretes, satis- 
factory results with the prefoamed method at the NBS have been obtained 
with the following mixing schedule: 


Fig. 3—Foam generating equipment for mak- 
ing cellular concrete 


1.. Mix cement and pozzolan (or aggregate) dry for 1 min. 

2. Mix cement, pozzolan, water, and accelerator for 2 min at about 30 rpm. 

3. Add foam and mix for 1 min at 30 rpm. 

4. Mix at 90 rpm for 1 min. 
The water content should be high enough to produce an easily pourable 
mixture, as in the case of mix-foamed materials. When thicker consistencies 
were used, appreciable quantities of large air voids were entrapped and the 
air content of the mix was higher than that of the added foam. 


In commercial applications, foam is “injected’’ from the foam generator 
directly into the mixer and the quantity is gaged by duration of delivery. 
Advantages of the preformed foam method, according to experiences at the 
NBS, were a much lower foaming agent requirement than in the mix-foam 
process, and a close relationship between the amount of foaming agent used 
and the air content of a mix (excepting some mixes made with fly ash D). 
Air contents required for NBS autoclaved cellular concrete weighing (dry) 40 
lb per cu ft ranged from 20 to 50 percent, depending upon the pozzolan used, 
and was an inverse function of water content of the mix. The slate and shale 











mixes required more foam- 
ing agent than the silica 
and fly ash C mixes when 
mix-foaming was employed 
(Table 3), but the reverse 
was true for the preformed 
foam, method. In mixes 
made with fly ash D 
(which contained approxi- 
mately 9 percent of car- 
bon), loss of air from the 
foam occurred upon mix- 
ing, depending upon den- 
sity of the foam, brand of 
foaming agent used, and 
speed of mixing; losses 


ranged from 0 to 100 per- Courtesy National Foam System 


cent and were lowest for Fig. 4—Foam generating equipment for making cellular 


Se concrete 
the slowest mixing speed. 


The quantity of foaming agent required per unit volume of prefoamed 
cellular concrete was about 1/7 of the amount required for mix-foamed con- 
cretes in mixes containing fly ash C or silica; the corresponding figure for slate 
or shale dusts was 1/15, and for fly ash D (slow mixing), 1/10. The advantage 
in using the prefoaming method in neat and cement-sand mixtures was smaller 
than indicated by these figures (but still appreciable) because of somewhat 
lower requirements than for cement-pozzolan mixtures in the mix-foaming 
process. 


The indicated relative economy of the prefoaming method applies to the 
type of mixer used at the NBS; if other types of mixers are more efficient in 
mix-foaming advantages indicated for prefoaming would be reduced. 

Water-cement ratios of prefoamed mixes may be the same as, or appreciably 
lower than those in mixes that are mix-foamed. 


Mixing of cellular concrete using the excess water method—Anderegg** has 
described this method which has been used by Hummel and Huttemann®™ and 
is based upon a previously cited patent of Ippach and Bieligk.'* Excess-water 
mixtures patented by Swezey and Jones in 1941** consisted of hydrated lime, 
finely divided slate or shale, and had water-solids ratios of 1.2 to 8. 

The process generally involves the use of lime (quicklime or hydrate) and 
finely ground silica, slate, or shale; asbestos fiber or diatomaceous earth may be 
added as water-retaining materials. The material is cured in an autoclave. 
Densities of 20 lb per cu ft or lower may be obtained. Fly ash D, because of 
its high water requirement and relatively low specific gravity, has been used 
at the NBS with portland cement or lime without a foaming or gassing agent 
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to produce concretes with dry densi- 
ties ranging from 45 to 60 lb per cu ft. 
Relative costs of producing cellular structure 
by various processes 
On the basis of prices of chemicals 
published in Chemical and Engineering 
News and of other chemicals and foam- 
ing agents as quoted by mahufac- 
turers, cost of agents (in late 1953) 
per cu yd of cellular concrete having 
a density of 40 lb per cu ft when dry 
would be approximately :* 
1. Aluminum powder process. $0.75 per cu yd 
2. Hydrogen peroxide process . $4.00 per cu yd 
Fig. 5—Injecting foam into mixer 3. Preformed foam process . . .$0.35 to $0.75 
per cu yd 
For densities different from 40 lb per cu ft, cost would be proportional to the 
required gas or air content; values listed apply to neat cement and mixtures, 
proportioned 1:0.75 to 1.2, made with portland cement and sand, silica, or fly 
ash C. In mixtures containing lime, or slate or shale dusts, air or gas require- 
ments would be lower because of higher water requirements. 


The cost of the mix-foaming process would vary, as indicated earlier, with the 
nature of raw materials and efficiency of mixing. In mixes made at the NBS, the 


cost of foaming agent M for cellular neat cement weighing 40 lb per cu ft when 
dry, would be as low as $1 per cu yd of concrete; for 1:0.75 to 1:1.75 cement- 
silica and cement-fly ash C mixtures, cost would be about $2 to $3 per cu yd. 
For 1:0.75 to 1:1.75 mixtures containing cement and slate, shale, or fly ash D, 
cost of foaming agent M per cu yd of 
concrete would be approximately $5 


to $7.7 


Costs of agents in the excess water 
process would be, under ideal condi- 
tions, zero. In variations requiring 
diatomaceous earth or asbestos fiber 
as water retaining agents, or long- 
continued stirring and application of 
heat, costs might be as high or higher 
than those listed for the other proc- 
esses. 


*Costs for aluminum process include that of sodium 
hydroxide; costs for hydrogen peroxide process include 
that of calcium hypochlorite. Costs of cell-stabilizing 
material are not included for these processes. Costs of 
foaming agents do not include those of accelerators. 

_tCosts somewhat lower than these might be achieved 

Fig. 6 Blending foam and slurry of cement with other types of foaming agents, particularly isopro- 


pylated or butylated naphthalene sulfonates or a neu- 
and water tralized resin. 
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CELLULAR CONCRETES 


Comparison of cell structures produced by va- es? 

rious methods i terns, peal 
Fig. 8 and 9 are photographs of 1-in. “ ! 

squares of the ground surfaces of vari- 

ous cellular concretes. In Fig. 8, (a) 

is a Swedish cement-silica autoclaved 

material made with aluminum pow- & 

der, (b) is a mix-foamed, autoclaved EE oo 

cement-silica, (¢) is Swedish auto- \ ' 

claved lime-shale material made with 

aluminum powder, (d) is mix-foamed 

autoclaved cement-expanded shale 

kiln dust, (e) is moist-cured neat ce- 

ment made with aluminum powder, 

and (f) is autoclaved cement-expanded 

slate kiln dust made by mix-foaming. 

Density of these materials was 35 to 

45 lb per cu ft. All materials in Fig. 

9 were autoclaved; (a) was made by 

the hydrogen peroxide process, (d) by 

the preformed foam process, and the 

rest by mix-foaming. All contained 

cement and fly ash C, except (e), 

which contained fly ash D; (a) and (b) 

were proportioned-1:0.75, (f) was pro- 

portioned 1:2.25, and the rest 1:1.5, 

by weight. Densities were 35 to 45 lb _‘Fi9- 7—Pouring prefoamed cellular concrete 


fon 
3 


f 





per cu ft. Fig. 10 shows cell structure (<3) of moist-cured neat cement 
weighing 12 lb per cu ft, made by mix-foaming. 

Colors of these materials depend on ingredients and method of curing and 
range from purple, for Swedish lime-shale to tans for cement and shale or 
slate dusts. Silica flour produces off-whites with cement to pure whites with 
lime. Fly ash-cement mixtures range from light gray to bluish gray. Auto- 
claving lightens the color of neat portland cement. 


CURING OF CELLULAR CONCRETES 
Moist curing 


Insulating and fill concretes are usually given a short period of moist curing 
(1 to 7 days) and then allowed to air dry, prior to application of a moisture- 
proofing material. The time required for satisfactory air drying is smallest 
in the materials of lowest density. 

Moist-cured structural cellular concretes in Europe and in this country are 
usually cured for 7 days before drying. 


Steam curing at atmospheric pressure 
Nurse** described steam curing of dense- and lightweight-aggregate con- 
cretes at atmospheric pressure. Such treatments have been given cellular 
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Fig 8—Ground surfaces of cellular concretes weighing 35 to 45 |b per cu ft: (a) Swedish cement- 
silica, (6) NBS cement-silica, (c) Swedish lime-burned oil shale, (d) NBS cement-expanded shale 
kiln dust, (e) neat cement, and (f) NBS cement-expanded slate kiln dust. Samples (a), (c), and 
(e) were made by aluminum powder process; the others were mix-foamed. All except (e) were 

autoclaved. (1-in. squares) 


concretes as preliminary curing before high-pressure steam curing.®® Steam 
curing at atmospheric pressure should probably be considered as accelerated 
moist curing rather than as a treatment comparable with high-pressure curing. 
Drying shrinkage and moisture movement of concretes after atmospheric- 
pressure steam curing of various durations, up to 24 hr, and temperatures, of 
175 to 212 F, differ little from those properties of similar concretes after moist 
curing for 28 days at 70 F. Atmospheric-pressure steam curing produces 
strengths generally near those attained after 3 days of moist curing at 70 F 
if “nonreactive” (nonpozzolanic) aggregates are used, according to Nurse. If 
the aggregates are reactive, strengths following atmospheric-pressure steam 
curing may be double those attained with similar concrete after 3 days of moist 
curing at 70 F. 

Electric curing in which concrete is heated by an electric alternating current 
passing through the concrete, sometimes between reinforcing elements em- 
ployed as electrodes, may have applicability to in-situ cellular concretes.*® 
High-pressure steam curing 

High-pressure steam treatment is not merely a type of curing, but connotes 
also, in mixtures so cured, the sand-lime brick reaction between lime- and 
silica- (or alumina-) bearing ingredients. Considerably more is known about 
the physical properties of products of the lime-silica reactions at elevated 
temperatures than about the chemical and crystallographic properties, which 
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Fig. 9—Ground surfaces of NBS autoclaved cellular concretes weighing 35 to 45 Ib per cu ft 

made with portland cement and fly ash: (a) hydrogen peroxide process, (b) slow speed mix- 

foamed, (c) high-speed mix-foamed, (d) prefoamed, (e) and (f) high-speed mix-foamed. Sample 

(e) contained high-carbon fly ash; all others contained low-carbon fly ash. Proportions were 
1:0.75 for (a) and (b); 1:1.5 for (c), (d), and (e); and 1:2.25 for (f). (1-in. squares) 


have been considered by Hansen,*® Kudriashev,® Nurse,*® and others*®:5?-°° 
in recent years. The most comprehensive work on effects of variations in 
high-pressure steam treatment upon the strength and dimensional stability 
of portland cement-pozzolan mixtures of varying proportions is that of 
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Fig. 10—Enlarged ground surfaces of mix-foamed (left) neat cement weighing 12 Ib per cu ft 
and (right) autoclaved cement-fly ash weighing 45 Ib per cu ff (X 3) 
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Menzel.** Examination into effects of some variables of high-temperature 
treatment have been reviewed, in relation to properties of sand-lime brick, 
by Bessey.®® Similar study of autoclaved cellular concrete has been extremely 
meager in relation to that of denser autoclaved materials. Graf‘ ‘and 
Kudriashev® have examined the effects of magnitude and duration of high- 
pressure treatment upon properties of cellular cement-pozzolan and lime- 
pozzolan mixtures, effects of age of mixtures at the start of the curing cycle, 
and effects of binder-pozzolan ratios upon strength and dimensional stability. 
These works also considered the effect of fineness of ingredients. 

The variables of importance in high-pressure steam curing appear to be: 
(1) age and condition of the mixture at the start of the curing cycle, (2) rates 
of change of temperature, (3) curing temperature, and (4) duration of curing 
at constant elevated temperature. 

Age of cellular concrete at the start of high-pressure steam curing cycle—There 
is fairly general agreement that the properties of noncellular concrete are not 
significantly affected by the length of time between mixing and beginning 
the application of heat prior to high-pressure steam curing.**:*> The few dis- 
senters have not qualified their recommendations for a definite “waiting” 
period or have not separated effects of rate of increase in temperature from 
those of the length of the waiting period, according to Nurse.*® Graf has com- 
pared waiting periods of 2)4 and 24 hr for cement-silica cellular mixtures made 
by the hydrogen peroxide process and found that the 2!4-hr period was equal 
to or better than the longer period when strengths were compared after curing. 
Kudriashev® has found no significant differences in strength resulting from 
variations in waiting period from 4 to 96 hr for lime-silica mixtures made by 
prefoaming methods. It is essential with cellular concretes that large tempera- 
ture changes occur only after initial solidification. Otherwise, as has been 
observed at the NBS, air or gas cells in the plastic mixture will expand, causing 
a lowering of density, and in many cases, cracking. Graf appears to have used 
preheated materials mixed and precured at temperatures appreciably above 
room temperature. In commercial operations in Europe the waiting period 
may be from 2 to 24 hr and preheating is often employed. At the NBS waiting 
periods of 16 hr to as long as 4 months have been tried. When the concrete 
was continuously moist before autoclaving, the length of the waiting period 
had little effect on physical properties. Intermittent drying during an ex- 
tended waiting period permanently injured the cellular concrete by producing 
drying shrinkage cracks even after protracted continuous moist curing. 


Effect of rate of change of temperatures and pressure—Menzel***' stated that 
heating and cooling before and following the curing period at constant elevated 
temperature should be gradual in autoclaving sand-gravel and expanded shale 
concretes; for thicker sections heating and cooling periods should be longer 
than for thinner sections to avoid destructive thermal stresses. Menzel®! 
recommended heating to 350 F in 5 hr and cooling from that temperature in 
10 hr for a 4 in. thickness of sand-gravel concrete, and stated that for a 12 in. 
thickness these times should be more than doubled; curing time at 350 F for 
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thicker sections should also be longer than for thinner sections by an amount suf- 
ficient to compensate for lag of the center behind the surface temperature. 
Thick sections of expanded shale concrete autoclaved according to these 
recommendations showed surface checks and cracks following autoclaving, 
according to Menzel. Were Menzel’s results to be extrapolated to the curing 
of cellular concretes, of much lower density, a curing cycle of economically 
impossible length would be required. Graf’s results on small specimens and 
some results obtained at the NBS in autoclaving 6 x 12-in. cylinders of cellular 
concrete show that reasonably short periods of heating and cooling may be 
employed. Although cracking has occurred with some mixtures, most of 
the 6 x 12-in. cylinders have survived heating to 360 F within 4 hr and cooling 
periods of the same duration. In some of these mixtures cracking occurred 
that was attributed to faulty proportions rather than thermal shock. 
Kudriashev’s® 1: 1:3 lime-cement-silica mixtures cracked during autoclaving. 
Commercial cellular concretes in Sweden and elsewhere are produced in units 
up to 8 or 12 in. in thickness within a 24-hr curing cycle. That appreciable 
thicknesses of cellular concrete can be successfully autoclaved with relatively 
short heating and cooling periods may be due to the high water contents of 
these concretes when compared with denser concretes, the absence of stress 
concentrations (due to absence of coarse aggregate), and relatively high 
extensibility. 


Effect of curing temperature and duration of curing—Menzel* found, for dense 
cement-silica mixtures, that the temperature and duration of the curing 
period were interrelated. For curing periods of equal duration and temper- 
atures up to 350 F, the highest temperature resulted in the highest strength, 
but temperatures higher than 350 F did not offer further advantage; at a 
given curing temperature, the longest curing periods resulted in the highest 
strength and lowest drying shrinkage. Strength increase at 350 F was sharp 
up to about 8 hr and much slower thereafter; it required 40 hr at 300 F to 
equal the 8-hr strength at 350 F. Strength of cement-silica mixtures of opti- 
mum proportions after 8 hr at 350 F was 75 to 80 percent of that of the same 
mixtures after 64 hr at that temperature. Graf’s‘ and Kudriashev’s® results 
for cement-silica and lime-silica cellular concretes are in virtual agreement 
with those of Menzel; Graf found that curing at 375 F was not significantly 
more effective than curing at 355 F, but curing at the latter temperature 
was definitely more effective than curing at appreciably lower temperatures. 
The effects upon cellular concrete of durations ranging from 4 to 24 hr at 
constant maximum temperature were found by Graf to be similar to, but 
less pronounced than, those found by Menzel. Graf concluded that curing 
at 355 F for 5 hr was a satisfactory treatment for cellular concretes and 
Kudriashev employed a 350 F, 6 hr cure. Bessey® indicates that increases 
in strength with temperature of sand-lime brick for a 7 hr curing period 
become quite small for curing temperatures above 370 F. Cement-fly ash 
cellular concrete specimens made at the NBS and cured once at 420 F or 
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twice at 370 F for 5 hr did not differ significantly in compressive strength 
from similar specimens cured once at 370 F for 5 hr. 


On the basis of presently available information, a satisfactory range of 
temperatures for high-pressure steam curing of cellular concrete containing 
optimum proportions of cement or lime to the pozzolanic ingredient appears 
to be 345 to 365 F (or steam pressure of 125 to 150 psi). The length of curing 
under such conditions should be at least 6 to 8 hr in addition to the periods 
required for gradually increasing and decreasing temperature. Curing cycles 
employed by various European firms are within these general requirements. 


Part 2 concluding “Cellular Concretes”’ will be carried in the June, 1954, ACI JOURNAL. 
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A 50th Anniversary Feature 


Notahle Concrete Structures 


... Old and New 


‘The final test of progressive knowledge 
in the field of construction is the 
structure” 


In commemoration of the 50th anni- 
versary of the American Concrete 
Institute, the ACI JOURNAL presents 
the fourth of a series illustrating 
concrete structures around the world. 
A major share of this month’s series is 
devoted to a unique phase of concrete 
construction—floating structures. 


Cruising ketch built in 1948 by Pier 
Luigi Nervi, Italy, of reinforced 
concrete. About 40 ft long, the 
hull is only about % in. thick and is 
made up of many layers of wire 
mesh (approximately %¢-in. squares) 
impregnated and finished with 
cement mortar (15 bags of cement 
per cu yd) 
Courtesy Pier Luigi Nervi (Rome) 





. 


Concrete LCT (landing craft for three 50-ton tanks) developed by the U. S. Navy's Bureau of 

Yards and Docks in 1944 to conserve critical steel plating. First application in the United 

States of the thin-shell technique to a floating structure, the craft combined precast sections, 

shotcreting and cast-in-place concrete. It was about 112 ft long, 32-ft beam, and had a pontoon 

5 ft 6 in. deep and wing walls 7 ft high. Framing featured by precast open-end boxes about 

4x7x5 ft, with wall thickness 34 and 1% in. Design engineer—A. Amirikian. Builder— 
Corbetta Construction Co., Inc. 
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Dry-cargo, self-propelled con- 
crete ship built during World 
War Il by U. S. Maritime Com- 
mission. The hull shell was 614 
in., contained from three to five 
“layers” of closely-spaced steel 

rs, and coverage over the 
steel was ¥% in. on the outboard 
face, % in. on the inboard face. 
Transverse bulkheads were at 
32-ft centers with no longitudinal 
bulkheads except in one bay. 
Bulkheads were 4 in. thick, 
bottom slab 61% in., and decks 

514 in. 


Reinforced concrete 3000-ton 
tanker built in 1942 for use on 
the Donau River in Germany. 
Built by Heilmann & Littmann AG 


Courtesy Deutscher Beton-Verein E. V. (Wiesbaden) 


During World War Il the U. S. Navy built and launched, 1943-1944, 15 floating drydocks and 
five floating caisson gates of reinforced concrete. The floating docks are of two sizes—13 
have a lifting capacity of 2800 tons each and the other two, 400 tons. They are trough-shaped 
structures, composed of a pontoon and two wing walls which, in turn, are subdivided into a 
series of compartments by a system of interior frames and bulkheads. Pontoon of the large docks 
is 389 ft long, 84 ft wide, and about 14 ft deep. Wing walls are about 300 ft long, 26 ft high 
above pontoon floor, and the width tapers from 13 ft 6 in. at pontoon level to 10 ft at top of 
walls. Slab thickness varies from 5 to 534 in. Dead weight of the dock, including equipment, 
is 7950 tons; minimum draft is about 10 ft. Designs prepared in the Bureau of Yards and Docks 
under supervision of A. Amirikian. Six docks (five large and one small) were built by J. E. 
Haddock Co., San Pedro, Callif., other nine by Tidewater Construction Co., Wilmington, N. C. 


Courtesy U. S. Navy Bureau of Yards and Docks 
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NOTABLE CONCRETE STRUCTURES 


Floating concrete structures used 
in the invasion of Europe in 
1944. ‘‘Phoenixes’’ (above) 

sectional concrete breakwaters 
forming part of U.S. Mulberry at 
Omaha Beach off Colleville, 
France. ‘‘Mulberries’’ (right), 
made in dockyard at Portsmouth, 
England, being towed into har- 

bor 


Another application by U. S. 
Navy of thin-shell technique to 
floating concrete _ structures. 
General purpose work barge, 
launched in 1944, is 110 ft long, 
30 ft wide, 7 ft deep, has 250- 
ton capacity, and a light draft of 
1 ft 10 in. Design engineer 

A. Amirikian. Builder—Corbetta 

Construction Co., Inc. 


Concrete oil barge built during 
World War Il by U. S. Maritime 
Commission. Bulkhead and side- 
shell slabs were 41% to 5 in. 
thick, bottoms 5 in., decks 434 
in. Transverse bulkheads were 
spaced at 27 ft 21% in. centers, 
and only one longitudinal bulk- 
head at the centerline 


One of largest graving docks in 
the world, Cape Town, South 
Africa, dock completed in 1945 
is 1212.5 ft long, 148 ft wide. 
Design and supervision—South 
African Railways Administration 
Principal contractors—Murray and 
Stewart (Pty.) Ltd., Hollandsche 
Aanneming Maatsy., McLaren 
and Eger (Pty.) Ltd. 


a 


> 


Courtesy U. S. Navy Bureau of Yards and Docks 


Courtesy Concrete Assn, of South Africa 
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Deep water quay on reinforced 
concrete caissons sunk by com- 
pressed air, Darse Transatlan- 
tique, Cherbourg, France, built 
1928-1932. Length of quay is 
623 m, depth of water 20 m. 
Constructed for Ponts & 
Chaussees du Department de la 
Manche by Christiani & Nielsen 


Courtesy Corbetta Construction Co., Inc., and Merritt-Chapman & Scott Corp. 


Pier foundations for New York State Thruway Tappan Zee Bridge, expected to be completed 
in mid-1955. Of 923 piers, eight are buoyant type. Largest box is 190 ft long, 100 ft wide, 
35 ft high, and weighs 16,000 tons. Constructed in a natural drydock (left), the boxes were 
floated 10 miles to Bridge site. The buoyant- “ns foundation is temporarily “tacked” in place 
by 30-in. diameter pipe piles driven through wells in box walls (right). When walls are con- 
creted to full depth and deck slab placed, the box is sunk into position and anchored with 
piles driven to bedrock. Engineer— Madigan- Hyland. General contractor for piers—Merritt- 
Chapman & Scott Corp. Contractor for construction of boxes—Corbetta Construction Co., Inc. 


Courtesy Corbetta Construction Co., Inc., and Merritt-Chapman & Scott Corp. 


New Pier 57 for New York City Department of Marine and Aviation is unique among dockside 
facilities. The pier proper will stand on two large reinforced concrete boxes whose load will 
be carried largely by buoyancy; a third box will support the bulkhead. Because > limited 
spore at the pier site, the boxes were built 38 miles up the Hudson River in a natural drydock 
d floated ed downriver to the pier site. Sections were positioned as they arrived at the pier 
site (right). The pier’s main deck is made up of more than 3000 prestressed precast concrete 
stringers 19 ft long (left). Engineer—Madigan-Hyland. General contractor for foundation— 
Merritt-Chapman & Scott Corp. and Corbetta Construction Co., Inc. General contractor for 
superstructure—Corbetta Construction eu Inc. 
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BY WAY OF SYNOPSIS 


Effectiveness of calcite as a concrete admixture, based on Danish tests, is 


reported by E1vinp HoGNEsTaD. 


Hvusert Ruscu considers the relation between specimen size and apparent 


compressive strength. 


Reinforced concrete bridge economy is described with an example by NED 


L. ASHTON. 


Calcite (Aktivitt) as Concrete Admixture (LR 50-17) 


Some interest in calcite as an admixture 


in concrete has appeared in this country 
recently. it is felt, therefore, that a summary 
of discussions in Seandinavian technical 
literature should be made available to the 
American profession. 

One of the first technical publications 
regarding calcite was by Arne Daniels of the 
Vaagsiv Lime Works, Norway. It appeared 
in the Swedish periodical Betong, No. 1, 
1948, pp. 1-14, under the title “Calcite 
Concrete, A New Concrete Type.” (An 
abstract of an article on this subject was also 
published in “Current Reviews,” ACI 
JOURNAL, Nov. 1949, Proc. V. 46, p. 232.) 
Mr. Daniels reported that he obtained patents 
for use of calcite as a concrete admixture in 
Norway and a number of other countries. 
He uses the term “calcite” in the sense of 
“a distinct group of metamorphous calcium 
carbonates with definite characteristic 
properties, thus not embracing limestones in 
general.’’ He further states: ““To emphasize 
the proven ability of calcite to react with 


the cement mass I have given the material 
the commercial designation Aktivitt. sic|” 
Daniels refers to microscopic and mineral- 
ogical investigations by Tom F. W. Barth, 
professor of mineralogy, Oslo University, 
and Dr. Christoffer Oftedahl, the professor’s 
assistant. In the opinion of Mr. Daniels, 
these investigations as well as_ practical 
results ‘seem to prove that ‘calcite’ mineral- 
ogically acts saturating on the ‘free lime’ 
content of the concrete, thus pointing toward 
solution of this great concrete problem, 
totally or partly.”” On the basis of concrete 
tests made at Oslo Materials Testing Labo- 
ratory, Mr. Daniels further concludes that 
“calcite as an admixture (20-30 percent by 
weight of cement) gives a superior plasticity, 
a dense, nonseparating and homogeneous 
concrete with less water and with a consider- 
able increase of compressive strength, and 
not to forget, neutralizing and binding of 
humus.” Finally superior resistance of 
calcite concrete to sea water, weathering, 
and acids is claimed. 


*A part of copyrighted JouRNAL OF THE AMERICAN ConcRETE INstiTuTE, V. 25, No. 9, May 1954, Proceedings 
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In June, 1948, and October, 1949, Dr. 
Inge Lyse reported on extensive concrete 
tests at his laboratory at Norway’s Institute 
of Technology (see ‘Current Reviews,” 
ACI Journat, Jan. 1950, Proc. V. 46, p. 402). 
His principal conclusion was that calcite 
acts in concrete as any other finely pulverized 
stone. material; the effects of calcite are 
filler effects. 

By this time a heated discussion had been 
started in the Norwegian daily press. Even 
in technical literature, the discussion became 
personal. Thus, in Teknisk Ukeblad, Dec. 
1949, pp. 975-977, Mr. Daniels refuted Dr. 
Lyse’s findings and conclusions and referred 
to the superior properties of calcite concrete 
as indisputable facts. 

An expert committee was appointed in 
March, 1950, by the Norwegian government 
with the assignment to plan, supervise, and 
report tests necessary to obtain a clear under- 
standing of the properties of calcite as an 
admixture. The committee consisted of 
Oskar H. Storm, chairman and director, 
State Bureau of Harbors; Elliot Strémme, 
consulting engineer; and Odd Fiskaa, depart- 
ment engineer, Norwegian Railroads. The 


committee’s first report appeared in January, 
1951, and was reviewed in the ACI JourNaAtL, 


Apr. 1951, Proc. V. 47, p. 666. The first 
report was based on all pertinent information 
existing at that time, and a direct translation 
of its conclusions reads as follows: 

“1. Existing test data indicate that the 
increased compressive strength of mortars 
and concretes which may be obtained by 
substituting pulverized calcite for part of 
the natural concrete sand is due to physical 
phenomena, the so-called filler effect. Tests 
further indicate that calcite possesses no 
better filler properties than other limestones 
and rocks which have been used for this 
purpose. 

“2. Nothing in the test data indicate that 
any chemical reaction takes place between 
the cement paste and calcite. According to 
Oftedahl’s publication, the theory of for- 
mation of new calcite crystals is a working 
hypothesis. 

“3. Under special conditions, the resistance 
of concrete against certain aggressives, pri- 
marily sulfuric acid, sulfurous acid, and 
sulfates, increases when calcite is added. 
This effect is not characteristic only for the 
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rock calcite, but is associated with many 
natural forms of calcium carbonate. Lime- 
stone powder from various sources has been 
used for a long time as an aggregate to 
increase sulfate resistance of concrete and 
concrete products. 

“4. Tests further show that whenever 
large amounts of pulverized calcite are 
added to a concrete mixture, frost resistance 
of the concrete will decrease in a similar 
manner as when other pulverized rocks are 
added. It is possibly conceivable that small 
amounts of not-too-finely ground calcite may 
increase resistance somewhat. But new tests 
would have to be carried out to clear this 
point. 


‘ir 


5. On the basis of data available today, 
it is not possible to draw definite conclusions 
regarding whether durability of concrete in 
the tidal zone of sea water and under severe 
climatic conditions may be increased to any 
considerable extent by adding 
amounts of coarse or finely ground calcite. 


various 
” 

Thus, the three-man committee did not 
share Mr. Daniels’ opinions regarding calcite. 
The committee then prepared a research 
program designed to settle the controversy. 
Mr. Daniels opposed a suggestion to have 
these tests carried out at a Swedish laboratory, 
and Norwegian laboratories were disqualified 
as parties to the controversy. The Danish 
State Testing Laboratory, on the other hand, 
was acceptable to Mr. Daniels and to the 
committee, and extensive tests were started, 
supported financially by the Norwegian 
government. 


The Danish test report by Johs. Andersen 
appeared in Teknisk Ukeblad, Mar. 1953, 
pp. 201-206 and 227-234. Concretes of three 
cement contents and two mortars were made 
with: (a) standard cement without admix- 
ture, (b) standard cement and calcite, (c) 
standard cement and limestone dust A, (d) 
standard cement and limestone dust B, (e) 
standard cement and quartz powder, and 
(f) sulfate resistant cement with no admixture. 
Tests made were: (1) resistance to sodium 
sulfate, (2) resistance of mortars to freezing 
and thawing, (3) permeability, (4) exposure 
to sea water, (5) freezing and thawing of 
concrete beams in sea water,. (6) crystallo- 
graphic investigations, and (7) compressive 
strength. 
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On the basis of the Danish test data then 
available, the three-man committee issued a 
second report to the Norwegian government 
in January, 1953, which appeared in T'eknisk 
Ukeblad, Mar. 1953, pp. 195-200. A direct 
translation of the conclusions of this second 
report reads as follows: 


“1. Addition of calcite has increased the 
resistance of concrete to sulfate, but not to 
a greater extent than the other admixtures. 


“2. Addition of calcite has, in the mixtures 
used in the tests, increased compressive 
strength somewhat, but has not given any 
greater strength increase than the other 
admixtures. 

“3. Addition of calcite has decreased 
permeability of the concrete somewhat, but 
not to a greater extent than the other 
admixtures. 

“4. Addition of calcite has increased 
resistance to freezing and thawing for the 
sand used in the tests. In richer mixtures, 
the effect does not differ from that of the 
other admixtures. In lean mixtures, the 
increase is considerable for the addition of 
calcite and somewhat less pronounced for 
limestone dust B. The committee cannot 


explain this finding.” 

The committee’s summarizing statement 
reads as follows: 

“Briefly summarized, tests of the Danish 
State Testing Laboratory show that im- 
proved properties of the concretes involved 
observed by the addition of calcite are 
essentially a filler effect.” 

In Teknisk Ukeblad, Apr. 1953, pp. 377- 
379, Professor Barth and Dr. Oftedahl 
criticized conclusions of the committee, 
materials used in the Danish tests, and 
finally the Danish test methods. The com- 
mittee and the Danish laboratory answered 
this attack, pp. 399-401 of the same publi- 
cation, and further discussions followed, 
pp. 521-522 and 589-591. 


Thus, the controversy in Norway is far 
from settled. To this writer it appears that 
the committee has made a fair evaluation of 
the pertinent facts. He believes, however, 
that any American investigator who is 
interested in calcite as an admixture in con- 
crete may wisely study the extensive test 
data of Norwegian and Danish laboratories 
and draw his own conclusions. 


E1vinp HoGnestapb, Chicago, IIl. 


Specimen Size and Apparent Compressive Strength (LR 50-18) 


F. O. Anderegg’s comments on “Shape 
Factor and Compressive Strength of Light- 
weight Concretes,” in the December, 1952, 
JOURNAL, Proc. V. 49, p. 333, are of special 
interest to the writer as he is concerned with 
the relation between specimen size and 
apparent compressive strength. 

When testing sand-gravel concrete in 
cubical specimens, correction factors must 
be applied which are: for 10-cm (4-in.) 


* cubes, 120 percent; 20-cm (8-in.) cubes, 100 


percent; and for 30-cm (12-in.) cubes, 85 
percent. With lightweight concretes no 
correction factors are needed. 

No satisfactory explanation has been 
offered for this phenomenon. Some have 
assumed that variation in the care with which 
different sizes of cubes have been fabricated 
is the cause. It is probably easier to compact 
smaller specimens and it may also be easier 


for excess water to escape from smaller cubes, 
especially in harsher mixes. 

The writer supposes that a systematic 
error ‘is involved. In testing cubes, results 
tend to run high because of the constricting 
action induced by friction of the end plates. 
This constriction is dependent on rigidity 
of the pressure plates of the testing machine. 
The spherical head of the testing press and 
its point bearing strongly tend to induce 
considerable distortion. Bending of a given 
plate increases with specimen size, the bend- 
ing moment increasing as the third power of 
the specimen dimension. Therefore, in test- 
ing 30-cm cubes bending moment is 27 times 
that produced with 10-cm cubes. The writer 
has found by actual measurements that an 
appreciable stretching of the end plates can 
occur, so that the constricting action of the 
plate may be partly or completely inhibited. 
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With large specimens and thin ‘plates, cube 
strengths thus may appear to be lower than 
those obtained with prisms. 

On this basis, the writer and others have 
decided that a specification for end plates 
is required if comparable results are desired. 
Such a specification is being considered in 
Europe at the writer’s suggestion. 

In testing lightweight concrete, the plate 
effect is small because the plates are extremely 
rigid relative to the force required, and, also, 
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the constricting action of the end plates is 
essentially the same for different specimen 
sizes. 

The writer and his colleagues are planning 
to investigate dependence of apparent com- 
pressive strength on specimen size. 
mation on American 
matter would be welcome. 


Infor- 


experience in this 


Husertr Ruscu, Professor, 
Technische Hochschule, 
Munich, Germany 


Reinforced Concrete Bridge Economy (LR 50-19) 


Since we seem to be in an era of prepacked 
and prestressed concrete, the writer would 
like to call attention to the fact that 
ventional methods of reinforced concrete 
design, when applied to well-conceived 
structures, are still quite economical. 

A 50-ft reinforced 
rigid frame bridge, designed by the writer, 
was recently completed over Ralston Creek 
in Iowa City, Iowa. 
only $8.30 per sq ft and a recent widely- 
publicized 30-ft 
bridge in Iowa cost about $15.00 per sq ft 
for only a H-15 design and a 20-ft roadway 
on timber abutments, the writer thinks that 
a description of 


con- 


clear span concrete 


Since this bridge cost 


span prestressed concrete 


this bridge is worthy of 
attention. 

The bridge has a 30-ft roadway and two 
5-ft 2-in. sidewalks. It is 42 ft 9 in. wide, 
out to out of sidewalk slabs, and is supported 
on a 32 ft wide two-hinged, rigid frame solid 
The slab varies in thickness 
from 1 ft 9 in. at the center of the span to 
3 ft 6 in. at the abutments. 
Abutment wing walls are cantilevered from 
the sides of the vertical legs of the rigid 
frame and have no foundations of their own. 
They extend as far as 18 ft from the sides of 
the frame and support concrete pylons at 


conerete slab. 


face of the 


Item 
Removal of old bridge 
Excavation, cu yd 
Treated foundation piles, lin ft 
Concrete in rigid frame, cu yd 
Embankments and backfill, cu yd 
Concrete approach pavement, cu yd 
Reinforcing steel, Ib 
Metal handrails, Ib 





Total contract cost 





Quantity 


Sidewalks also 
sides of the 


the ends of the handrails. 
cantilever from the 
frame and are made as solid slabs with a 
curved soffit. 

The bridge is designed for three full lanes 
of H20-S16 traffic plus the sidewalk loads, 
and replaces an old 20 ft wide, three-span, 
steel beam bridge with a timber deck that 
was 75 ft long from face to face of the old 
abutments. The old bridge was completely 
rusted out and had 
closed to traffic before the new bridge was 


concrete 


been condemned and 
started. 

The project was 110 ft long from breakout 
to breakout of the pavement for the removal 
thick heavily 
reinforced concrete slabs were provided to 


of the old bridge, and 12 in. 


span over the newly filled in portions of both 
approaches. 

On the basis of the width of roadway plus 
one sidewalk for 110 ft, this project cost 
only $7.70 per sq ft; on the basis of the bridge 
only, which is 83 ft 8 in. x 42 ft 9 in. and 
covers 3570 sq ft, cost is only $8.30 per sq ft. 

Below is a summary of the actual cost of 
the 50-ft clear span reinforced concrete rigid 
frame bridge. 

Nep L. Asutron, Consulting 

Engineer, Iowa City, Iowa 

Unit cost, dollars Total item cost, dollars 
1195.00 
5.25 1538 .25 
1.90 1382.25 
40 .60 14,437 .36 
2.10 682.50 
25.00 1450 .00 
0.15 6900 .00 
0.40 2107 .20 


$29 692.56 








Current 


Reviews 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Prestressed reinforced concrete bridge on the 
Savanella-Accursi highway for the township of 
Molinella (Ricostruzione del ponte in cemento 
armato precompresso sulla Savanella-Accursi 
per la strada della romagna in comune di 
molinella) 
Giuseppe Rrnaupr, Jl Giornale Del Genio Civile 
(Rome), V. 88, No. 11, Nov. 1950, pp. 639-645 
Reviewed by G. MIANULLI 
In a series of articles the author has de- 
scribed the technique of prestressing girders 
and the theory of analysis involved and 
methods of construction have already been 
reviewed. In this issue, photographs of the 
completed bridge supplement the description 
and data. An interesting feature is the 
graphical computation for the deflection, by 
Mohr’s method, and the checking by actual 
load test. 


Prestressed concrete railway and conveyor 
bridge; two-deck structure at a Nottingham 
colliery 


Surveyor (London), V. 112, No. 3212, Sept. 26, 1953, 
pp. 651-652 


Dual-purpose prestressed concrete bridge 
Engineer (London), V. 196, No. 5096, Sept. 25, 1953, 
p. 404 


Reviewed by M. W. Jackson 


Both articles describe design and con- 
struction of the same bridge. The span is 
74 ft, with two parallel girders 5.75 ft deep, 
and 4-in. web thickness at midspan increas- 
ing to 7 in. at the ends. Girders were precast 
in three sections and erected on temporary 


timber towers and prestressed with Freyssinet 
cables. 

Supported on the top flanges is a cast-in- 
place deck for a railroad loading of 104 tons; 
supported on the lower flanges is a precast 
deck for two coal conveyors. 


Concrete slabs make good replacement bridges 
Construction Methods and Equipment, V. 35, No. 9, 
Sept. 1953, pp. 142-143 
Reviewed by M. W. Jackson 
Precast slabs are being used to construct 
short bridge spans. The slabs, manufactured 
in Tennessee and Arkansas, were designed 
by the Arkansas Highway Department for 
H15 loading and are of channel section with 
diaphragms across the ends and center. Two 
bolts connect The 
slabs are placed on piles with either timber 
or concrete caps and they are produced in 
15 and 19 ft lengths. 


sections. transversely. 


Bridge on national route No. 35 over the 
Tafna River (in French) 


H. Kemuer, Travaur (Paris), V. 37, No. 
1953, pp. 361-366 


225, July 


Reviewed by M. W. Jackson 


Construction of a concrete 
bridge over the Tafna River is described. 
The Tafna is a river in Algiers which is 
usually nearly dry, but with a peak flow of 
85,000 cfs at the bridge site. The bridge 
consists of five 75-ft simple spans and each 
span is composed of six precast prestressed 
concrete beams. Values of tests on the steel 
and concrete are given. 


prestressed 
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Gueroz Bridge, Switzerland 
Highways and Bridges, V. 20, No. 1000, Sept. 9, 1953, 


p. 20 
Reviewed by M. W. Jackson 


This is a typical example of a reinforced 
concrete highway bridge developed by Prof. 
A. Sarrasin of the University of Lausanne. 
It is an open spandrel arch type, 623 ft 
above stream bed with a 16-ft roadway, and 
a 323-ft central arch span. A solid parapet 
serves as main beams on the approach spans 
and as stiffeners for the arch ribs on the 
center span. The supporting columns are 
T-shaped, and the arch ribs are rectangular. 
Design stresses were 14,200 psi for the steel, 
and 1200 psi for the concrete. 

“Tllustrated descriptions of other interest- 
ing Swiss bridges are given in Publication 
No. 10, Ecole Polytechnique, University of 
Lausanne, obtainable from Messrs. F. Rouge 
and Cie., 6 Rue Haldimand, Lausanne, 
Switzerland.” 


Dams 
World's tallest dam rises in Switzerland 


Watvo G. Bowman, Engineering News-Record, V. 
151, No. 23, Dec. 3, 1953, 


PP. 32-4 
Reviewed by 8. J. CHAMBERLIN 


Grand Dixence Dam, high in the Alps, ¢ 
7,500,000 cu yd _ straight gravity-section 
concrete structure has a planned height of 
922 ft (nearly 200 ft taller than Hoover Dam). 
Two years were required to open an access 
road and to prepare the construction plant 
including a mile-long tunnel into an adjacent 
valley to reach a suitable aggregate supply. 
Two l11-mile long teleferiques (tower-sup- 
ported endless cable transporters) elevate 
the cement 6000 ft to the site. 

After preliminary crushing at the quarry, 
the aggregate is transported through the 
tunnel on a belt conveyor to the plant stock- 
pile beneath which are belt conveyors in 
tunnels leading to the screening, washing, 
and secondary crushing plant. Finished 
aggregate is stored in five timber silos, one 
for each size of large aggregate (maximum 
size 5 in.) and two for sand. The teleferiques 
pick up cement in cylindrical steel containers 
of 880-lb capacity at the railhead and deliver 
it into a bin for loading silos at the site. 
The mixing plant contains two complete 
installations of batchers and two sets of 
3-cu yd mixers in batteries of three, set 
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radially and discharging into a hopper at 
the center. Trucks haul the concrete to 
four 2850-ft span cableways supported by 
a single tower at one bank and four movable 
towers on the other. The movable towers 
are operated by a rack and pinion gear 
system on a 35 percent slope. Concrete will 
be placed in 5)4-ft lifts, with an interval of 
three days between castings. With a con- 
struction season of only five months a year 
it will require 15 years to complete the job. 


Concrete for large dams 
B. W. Sreeve, Transactions, Fourth Congress, Inter- 
national Committee on Large Dams, New Delhi, 

Jan. 1951, V. 3, pp. 155-187 
Apptiep Mecuanics Reviews 
Aug. 1953 
Progress is being made in the elimination 
of objectionable cracking in concrete work of 
alk kinds, and especially the major cracks in 
the concrete of massive gravity structures. 
Use of air entrainment, low cement content 
per cubic yard, and placing of the mixed 
concrete at not in excess of 50 F during all 
seasons of the year will produce mass con- 
crete that is relatively free of major cracks. 
Low cement content for the interior of a 
dam, providing the mix is properly designed 
and placed, is second only to refrigeration 
in accomplishing a beneficial trend in elimi- 
nation of volume change due to excess heat. 
Mass concrete with a low cement content 
can be satisfactorily placed and consolidated, 
providing such lean concrete mixtures are 
properly designed and the aggregates are so 
processed as to produce uniform, well-graded 

material. 


Blithfield reservoir 


Engineering (London), V. 
1953, pp. 598-600 


176, No. 4580, Nov. 6, 


Reviewed by Aron L. Mirsky 


Description of project designed to impound 
4,000,000,000 gal. of water. Earth dam, 
2810 ft long, has mass concrete cutoff wall; 
upstream face is protected by a mass con- 
crete blanket 12 in. thick cast in the form of 
14 x 14-ft panels, with the joints filled with 
fine gravel for drainage; the upper portion 
forms a series of steps and a coping which 
act as a wave break. The valve shaft, 
overflow (spillway), and discharge tunnel 
were designed as a single structural unit of 
reinforced concrete. 
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Design 


Aseismic design of elastic structures founded on 
firm ground 
L. E. Goopman, E. Rosensivern, and N. M. 
NewMarkK, Proceedings, ASCE, Separate No. 349, 
V. 79, Nov. 1953, 27 pp., $0.50 
AvuTHOR’s SUMMARY 

A rational basis for the design of earth- 
quake-resistant structures is developed. 
Structures designed on this basis will have 
uniform strength in the sense that each 
element will have an equal probability of 
successfully withstanding strong-motion 
sarthquakes of the general type recorded by 
the U. S. Coast and Geodetic Survey on the 
North American continent. The theory is 
based on inferences drawn from accelerograms 
of strong-motion earthquakes and on the 
theory of probability. While the general 
method of approach is capable of wider 
extension, conclusions of the present study 
are limited to structures whose behavior is 
elastic and which are founded on ground of 
stiffness comparable to that of sites at which 
reliable earthquake accelerograms have been 
recorded. 


Concrete beams with compression steel: A 
quick method of design 
F. H. Buiaxke, Structural Engineer (London), V. 31, 
No. 8, Aug. 1953, pp. 219-222 
Reviewed by M. W. Jackson 
An approximation is used to construct 
four charts to assist in beam design with 
compression steel; charts are limited to con- 
crete stresses of 1000 and 1200 psi and a 
steel stress of 18,000 psi. 


Recurrence formulas for determining fixed points 
for moments and angles and their application 
to the analysis of continuous beams and rigid 
frames (Rekursionsformeln zur Ermittlung der 
Momenten- und Drehwinkelfestpunkte und ihre 
Anwendung zur Berechnung von Durchlauf- 
balken und Rahmentragwerken) 


Ernst Kounu, Der Bauingenieur (Berlin), V. 28, 
No. 7, July 1953, pp. 237-243 
Reviewed by Aron L. Mirsky 
The of fixed points (see, for 
example, ‘Moments in Restrained and 
Continuous Beams by the Method of Con- 
jugate Points,” L. H. Nishkian and D. B. 
Steinman, 7'ransactions, ASCE, 1927, V. 90, 
pp. 1 ff) is used to derive formulas which 
are then applied directly to the solution of 
various cases. The concept is also applied 
to angle changes. 


concept 


REVIEWS 
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Determination of constant equivalent moment 
of inertia for struts of variable cross section 
(Ermittlung konstanter Ersatz-Traegheits mo- 
mente fuer Druckstaebe mit veraenderlichen 
Querschnitten) 


N. Dimrrrov, Der Bauingenieur 
No. 6, June 1953, pp. 208-211 
Reviewed by Aron L. Mirsky 


(Berlin), V. 28, 


Using Rayleigh’s well-known principle (e. 
g., DenHartog’s Advanced Strength of Ma- 
terials, McGraw-Hill Book Co., New York, 
N. Y., 1952, pp. 251 ff), author develops 
simplified formulas for finding the equivalent 
moment of inertia of axially-loaded beams 
simply supported at their and with 
varying depths. By comparison with certain 
cases where most exact solutions are available, 
approximation is shown to be quite close. 


ends 


Analysis of rigid frames by an electronic 
digital computer 

R. K. Livesey, Engineering (London), V. 
4569, 4570, Aug. 21, 
1953, pp. 277-278 


176, No. 
1953, pp. 230-233; Aug. 28, 


Reviewed by Aron L. Mirsky 


After a brief description of the computer 
at the Computing Machine Laboratory of 
Manchester University, the method of stress 
analysis is developed in detail, using matrix 
notation for The routines 
developed for machine calculation, based on 
Kron’s method, are next described, and the 
article concludes with the results, in tabular 
form, of the analysis of a rigid portal frame 
and of a four-panel Vierendeel truss, together 
with data on the length of time required by 
the machine for calculation and checking. 

Author points out that such computers 
are valuable for use in solving the relatively 
(as compared to, say, those of mathematical 
physics) simpler problems of engineering, due 
to their speed and accuracy (and, reviewer 
would add, lack of disinterest) in performing 
monotonus and tedious calculations. 


compactness. 


Utilization of electronic digital computers in 
engineering practice 
R. K. Lives.ey, Engineering (London), V. 176, No. 
4572, Sept. 11, 1953, pp. 349-350 
Reviewed by Aron L. Mirsky 
A summary of electronic computing, with 
special emphasis on programming. Four 
typical problems solved at the Computing 
Machine Laboratory of Uni- 
pre- 


Manchester 
versity are outlined. (See also the 


ceding review.) 
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Bending moments in box-shaped reservoirs 
——_ Craremer, Structural Engineer (London), 
“No. 7, July 1953, pp. 177-178. 

Reviewed by M. W. Jackson 

Set of formulas for finding moments in 
box-shaped tanks is derived beginning with 
the differential equation for load. The 
formulas apply only to a square plan and are 
supposedly more accurate than usual methods. 


Reinforced concrete viaduct 
W. Scorr Witson, Surveyor (London), V. 112, No. 

3202, July 18, 1953, PP. 493-495 
eviewed by M. W. Jackson 
Detailed calculations for the design of a 
concrete viaduct 450 ft long and 50 ft wide. 
The deck is carried by four girders 12 x 60 
in., spanning 50 ft, and placed 7 ft on centers. 


Pavements 


Delaware darkens concrete pavement to reduce 
total paving outlay 
Engineering News-Record, V. 150, No. 23, June 4, 1953, 
pp. 60-62 

To match the color of existing connecting 
pavement, reduce glare and heat reflection, 
and to provide contrasting color at uncolored 
curbs and crosswalks, emulsified carbon black 
was added to central-mixed concrete for a 
Delaware highway. Truck mixer drum 
rotation was reversed at job site to insure 
complete dispersion of carbon black added 
at the plant. 


Factors affecting the riding quality of machine- 
laid concrete roads 
Reoinatp H. H. Kirxsam, Siisilien Institution 


of Civil Engineers (London), Part II, V. 2, No. 3, 
Oct. 1953, pp. 656-709 (including discussion) 
Reviewed by Aron L. Mirsky 
Investigations were conducted during the 
laying of two stretches of pavement, each 
with two 11-ft lanes. The first stretch was 
8 inch thick, with one layer of reinforcement 
2 in. from the top; expansion joints were 
spaced 60 ft apart, and there were no dummy 
(contraction) joints. The second test pave- 
ment, 6 in. thick, also has reinforcement 2 in. 
from the top, and was constructed on an 
old concrete slab with a bituminous cushion 
between; one portion had expansion joints 
150 ft apart with dummy joints 25 ft apart, 
while the second had expansion joints 100 
ft apart and no dummy joints. Riding 
quality was measured with a “wet-surface 
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profilometer,” a rigid frame with counter- 
balanced wheels which exerted just enough 
pressure on the fresh concrete to rotate the 
wheels. (For a few tests, the rise and fall of 
the oscillating screed and vibrating beam of 
the finishing machine were also recorded.) 

Four factors were investigated: (a) type 
and method of operation of the spreading 
machine, (b) type and method of operation 
of the finishing machine, (c) accuracy of 
setting the formwork and its deflection 
under the weight of the machinery, and (d) 
the type of joint. The first factor was found 
to be the most important: the size and place- 
ment of the mounds of concrete spread with 
the reciprocating-blade machine or placed 
in the hoppers of the hopper machine, for 
example. Author concludes that new types 
of machinery are required, and refers ap- 
provingly to a recent American machine 
which combines the operations of spreading 
and finishing and which requires no forms 
(Melvin Dean, “Concrete Roads Built with- 
out Forms,” Engineering News-Record, V. 
144, No. 19, May 11, 1950, p. 25). In the 
discussion, use of Barber-Greene machines 
for laying concrete is considered. 


Frost design criteria for pavements 


Kenneto A. LiInetu,* Bulletin No. 71, 


Highway 
Research Board, 1953, pp. 18-31 


Summarizes findings of the Corps of 
Engineers and presents design criteria based 
on extensive field and laboratory tests. 
Discussed are recognition of frost susceptible 
conditions; magnitude of subgrade weakening 
due to frost action; and base-composition 
requirements. Load design criteria are given 
which are used in designing to prevent sub- 
grade freezing and to protect against re- 
duction in strength during spring frost 
melting period. 


Economics of concrete roads 
Surveyor Lenten), V. 112, No. 3221, Nov. 


pp. 832-83 
Reviewed by M. W. 


28, 1953, 
JACKSON 


Summary of paper by P. H. T. Gooding 
for Paving Development Group, London. 
Gives general costs of concrete roads in the 
United Kingdom. Among pavement types 
considered were reinforced and unreinforced 
slabs, prestressed slabs, rolled concrete 
foundations, and soil-cement base. 
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Prestressed concrete 


Prestressed concrete applied to roof joists 
A. M. Lount, Engineering Journal (Montreal), V. 


36, No. 10, Oct. 1953, pp. 1311-1314, 1326 
Reviewed by Aron L. Mirsky 

In studies for an extension to a Toronto 
service garage of the Hydro-Electric Power 
Commission of Ontario, various consider- 
ations led to use of prestressed concrete roof 
joists on 2-ft centers made up of twenty-six 
8-in. block of a modified I-shape, and placed 
end-to-end with mortar joints and _pre- 
stressed with cables placed in special grooves 
‘ast. in the block and grouted after tensioning 
to eliminate the relatively prohibitive cost 
of the large number of end anchors otherwise 
required. 

Preliminary studies included investigations 
of the effect of cable lay on bond, type of 
mortar for grouting the cables and for 
joints between block, strength and elasticity 
of the cables, and the strength of the concrete 
block as received from the producer. In 
addition, nine complete joists were tested to 
destruction. Some interesting lessons were 
learned: doubling the ultimate strength 
would have increased the cost but little, but 
would have obviated the need for large- 
scale production proof loading, and that 
the spacing of joists should be as great as 
possible. 

The project raised an important question: 
why beams designed for the same working 
loads should have such different ultimate 
strengths (hence, factors of safety). Author’s 
theory, which he states requires experimental 
verification, is that the safety factor is a 
function of the “symmetry” of the pre- 
stressed concrete beam. This he expresses 
as the “symmetrical ratio” B = Y;/Y%, 
where Y; and Y, are the distances from the 
neutral axis of the beam to the outer-most 
top-and-bottom fibers, respectively. A low 
value of 8 means not only a higher factor of 
safety but a beam which will fail gradually, 
with plenty of warning before collapse; the 
failure will be due primarily to the steel. 
A higher value of 8 conversely characterizes 
a beam with a sudden type of failure. Since 
consistent higher concrete strengths are 
difficult to obtain, lower values of 8 are 
preferable. Thus, author points out, “Limit 
design is a necessary adjunct to elastic 
design in the case of prestressed concrete.” 


Prestressed precast concrete footbridges 


N. A. Dews, Concrete and Constructional Engineering 
(London), V. 48, No. 5, May 1953, pp. 165-168 

Presents a design for a footbridge con- 
sisting of two precast prestressed beams con- 
nected by small cast-in-place diaphragms 
which also serve as supports for the precast 
prestressed deck. Provision is made so that 
the beams may be slung from the center or 
rolled into position without dangerous stress 
reversals. 


Use of prefabricated prestressed concrete beams 
in the new building for the National Institute 
of Statistics at Brussels (in French) 


A. pe Grave and F. G. Riessauw, Precontrainte 
(Brussels), V. 3, No. 1, Jan.-June 1953, pp. 3-12 

Describes the special conditions, such as 
elimination of intermediate columns, ete., 
which determined the particular system of 
construction adopted. Details of the system, 
pre-tensioned beams (Hoyer system) placed 
side by side, are given. The result of a test 
to destruction made on one of the beams is 
reviewed. Manufacturing, handling, and 
erection details are also covered. 


Flat jacks stress 500 ft of tunnel 
Curzon Dopett, Engineering News-Record, V. 151, 
No. 24, Dee. 10, 1954, pp. 66, 70, 72 
Reviewed by S. J. CHAMBERLIN 
Flat jacks, consisting of thin, elongated 
sheet metal flasks, have been used in Germany 
to apply circumferential prestressing forces 
in circular concrete tunnel linings in rock. 
Jacks are connected in series and set in slots 
at two or three points in the circumference. 
Hydraulic pressure can be maintained, in- 
creased, and controlled at one end of the 
tunnel. Longitudinal prestressing is provided 
by ring-shaped, plastic pressure tubes in 
transverse joints. 


Modern developments in prestressed concrete 


Nrets THorsen, Engineering Journal (Montreal), 
V. 36, No. 10, Oct. 1953, pp. 1278-1286 
Reviewed by Aron L. Mirsky 
After brief descriptions of the most impor- 
tant systems of pre-tensioning now in use, 
paper concludes with examples of some out- 
of-the-ordinary applications of prestressing: 
the Quai de France caisson in Cherbourg, 
underpinning of the harbor terminal in- 
Cherbourg, the Porte de Fer dam in Algeria, 
and power line poles in Algeria. 
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High strength concrete for prestressing 


K. R. Banks, Constructional Review (Sydney), V. 26, 
No. 3, July 1953, pp. 17, 24 
AUTHOR'S SUMMARY 
The beneficial application of prestressing 
generally requires use of concrete with a 
quality well above that commonly met in 
normal construction work. High ultimate 
strengths are always necessary, and high 
early strengths are often essential to economic 
production. Answers to these problems are 
to be found in proper mir design, sound 
materials, and, above all, strict quality 
control on the job. For high strengths, dry 
mixes are necessary calling for extra care 
and special mixing and compaction methods. 
High early strengths may additionally 
require use of special cements, accelerators, 
and heat curing. In all such work, economy 
in supervision is likely to be false economy 
in the long run. 


Prestressed concrete footbridge at Uffculme, 
Devonshire 


Highways and Bridges, V. 


20, No. 1002, Sept. 23, 
1953, p. 8 


Reviewed by M. W. Jackson 


Brief description of a prestressed bridge, 
52 ft clear span, 2 ft wide, and made of pre- 
cast concrete T-section units 1 ft 11 in. 
long, with diaphragms on 6-ft centers. 


Design of a prestressed concrete bridge 


A. L. Van Den BRANDELER, Engineering Journal 
(Montreal), V. 36, No. 8, Aug. 1953, pp. 991-997 
Reviewed by Aron L. Mirsky 

This bridge, of 60-ft span with a 48-ft 
roadway and two 5-ft sidewalks, believed to 
be the first prestressed concrete bridge in 
Canada, is truly an example of inter- 
nationalism in engineering: the design pro- 
visions were based on French usage, the steel 
wire used came from Belgium and was pre- 
stressed by the Blaton-Magnel system, and 
the execution (in precast concrete, to make 
it competitive in cost) was Canadian. 

An acceptance test was carried out on one 
of the beams. Under seven cycles of loading 
(dead load plus three times live load plus 
impact), the beam showed almost complete 
recovery. It was then tested to failure by 
third-point loading; collapse was due to 
shear failure at one of the loading points, 
with the beam carrying a total load of 41 
tons (equivalent to dead load plus 5.25 times 
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live load) which produced a total deflection 
of 21.75 in. 

The value of EJ was found by (1) recording 
the period of vibration, (2) measuring de- 
flection under load, and (3) measuring strain 
under load. Values as found by the three 
methods differed but little; the average value 
of EZ thus found was 6.6 X 10° psi. 

Article includes a comparison of the 
quantities of concrete and steel required 
for this prestressed design and for ordinary 
concrete and steel girder designs. 


Prestressed concrete grandstand at the baseball 
stadium, Sherbrooke, Quebec 


G. M. Demarque, Engineering Journal (Montreal), 
V. 36, No. 9, Sept. 1953, pp. 1109-1116 
Reviewed by Aron L. Mirsky 

Stadium, shaped like a boomerang in plan 
with a developed length of 407 ft along the 
outer arc, covers 21,130 sq ft and seats 
4000. Structure combines _ pre-tensioned 
(bleacher and roof slab) and post-tensioned 
(rigid frame) elements; the latter were pre- 
cast in four standardized sections. Anchorage 
and tensioning apparatus used was conceived, 
designed, and built in Canada; author’s 
conclusion makes for an interesting compari- 
son between this structure and the one 
described in the preceding review by Van 
Den Brandeler: 

“This work is demonstration of how 
basically unsound are the fears of some who 
claim that prestressed concrete is not adapted 
to our way and our means. This structure 
was entirely designed and built by Canadians, 
with Canadian materials and equipment, and 
using methods developed in Canada. The 
construction required only careful super- 
vision, and honesty and understanding from 
the men on the job; these qualities are not 
too difficult to find in this country.” 

American engineers and contractors will 
kindly note especially the last sentence and 
draw their own conclusions as to its applica- 
bility in their own bailiwicks. 


Simple prestressing methods on Tampa Bay 

Bridge 

Harotp W. RicHarpson, Construction Methods and 

Equipment, V. 35, No. 9, Sept. 1953, pp. 54-59 
Reviewed by M. W. Jackson 


Brief description of 3.3 miles of concrete 
trestle on the Tampa Bay Bridge using 
Stressteel bars. Stressteel bars are pre-cut, 
pre-threaded alloy-steel bars. 
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Prestressed roof girders set span record 
W. D. SHea, Engineering News-Record, V. 152, No. 3, 
Jan. 21, 1954, pp. 36-38 
Reviewed by 8. J. CHAMBERLIN 

Seven 120-ft precast, post-tensioned girders 
are 73 in. deep T-shapes, with 48-in. top 
flanges; the 8-in. web is thickened to 18 in. 
at the bottom and at the ends. Cast on the 
floor alongside 18 by 24-in. cast-in-place 
columns, only a single set of plywood side 
forms was needed. Concrete contained 
eight sacks of high early strength cement 
per cu yd, had a water-cement ratio of 0.48, 
and a maximum slump of 2% in.. Side 
forms were removed early the next day after 
casting, and moist curing started immediately. 
Twelve prefabricated cables, each made up 
of eighteen 0.196-in. wires, were initially 
stressed to 175,000 psi with jacks at both 
ends. Cables were anchored with conical 
wedges and the surrounding tubing grouted. 
The 63-ton girders were erected with a guy 
derrick at each end and tied to the columns 
with tensioned cables that were anchored 
near the bottom of the columns and at the 
top of the girders. I-shape joists of precast 
concrete span the 20 ft between girders and 
carry precast channel-shape deck units. 


Why prestressed concrete in the refinery 


J.S. Bett and D. R. Deveaux, Mechanical Engineer- 
ing, V. 75, No. 12, Dec. 1953, pp. 970-974, 978 


Reviewed by Aron L. Mirsky 


Authors discuss the principles and develop- 
ment of prestressed concrete, its advantages 
and (one must be frank) its disadvantages 
from the standpoint of the refiner; and cite 
figures to prove that, on the basis of sharply 
reduced maintenance costs and breathing 
(evaporation) losses over steel tanks, pre- 
stressed concrete tanks merit consideration. 
The great drawback to the use of concrete 
has been its cracking under relatively negli- 
gible tensile stresses—prestressing has pro- 
vided the solution. 


Merits of prestressed concrete stressed at 
engineering institute convention 
Roads and Engineering Construction (Toronto), V. 91, 
No. 8, Aug. 1953, pp. 127-128, 145-150 
Reviewed by M. W. Jackson 

Report of some of the papers presented at 
the meeting of the Engineering Institute of 
Canada. 

L. G. Grimble and R. N. McManus, de- 
scribed ‘Precast Concrete Bridges’ in 


Alberta. A precasting plant produced one 
bridge a day, and in two years 200 of these 
bridges were built. The 1953 program in- 
cluded 130 precast concrete bridges. G. M. 
Demarque described construction of a pre- 
cast concrete grandstand at the baseball 
stadium in Sherbrooke, Que. A. L. Van 
Den Brandeler described the first. prestressed 
concrete bridge in Canada, located in Van- 
couver, B. C. It has a 60-ft span with 
a standard roadway and two sidewalks. 
M. R. Foran, et al., presented “Sydney 
Foamed Slab as a Lightweight Aggregate.” 
History of blast furnace slag as aggregate 
is reviewed, and properties and manufacture 
of this particular type described. N. B. 
Hutcheon, in ‘Fundamental Considerations 
in Design of Exterior Walls for Buildings,” 
discusses factors such as strength and rigidity, 
heat flow control, air flow control, water 
vapor flow, durability, fire hazards, esthetics, 
ete. Nuclear radiation may even be a 
factor in the future. 


Prestressed concrete grain silo at Dublin 
T. J. S. MA.Luaacna, Engineering (London), V. 176, 


No. 4580, Nov. 6, 1953, pp. 577-581 
Reviewed by Aron L. Mirsky 

For economy, use of precast elements pre- 
stressed by relatively unskilled labor was 
decided on; a relatively novel means of 
applying the prestressing was developed, 
to fit the capabilities of this labor. The 
silos, 11.75 ft in diameter and 74 ft high, 
with a total capacity of 2000 tons, were laid 
up of ordinary concrete building block; 
circumferential wires (two 10-gage wires per 
9-in. course of blockwork) were drawn 
together at staggered points by simple levers 
after which they were held in this stressed 
(deflected) position by soft-wire ties. The 
result was a mesh of net which author claims 
tends to adjust itself into a state of equi- 
librium. A shotcrete cover was then applied. 
The bid for these prestressed bins was over 
25 percent lower than that for hexagonal 
bins in orthodox reinforced concrete. 

A shed store, with a capacity of 5500 tons, 
was also constructed. It is subdivided into 
12 compartments by cantilever-type retain- 
ing walls with continuity at the corners 
deliberately avoided. Pilaster details at the 
corners were so detailed that any resulting 
cracks would be hidden. 
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Shrinkage and spontaneous cracking of cement 
and concrete (in French) 
R. L’Hermire, Transactions, Fourth Congress, Inter- 
national Committee on Large Dams, New Delhi, 
Jan. 1951, V. 3, pp. 231-247 
Appiiep Mecuanics Reviews 
Aug. 1953 (Blakey) 

Paper treats three related problems: (1) 
shrinkage of set cement paste; (2) time to 
rupture of a set cement-paste ring shrinking 
around a rigid core; and (3) stress conditions 
in and around reinforcing bars in concrete. 
At atmospheric humidities greater than 50 
percent, the shrinkage of a specimen is 
assumed to be related to loss of weight, 
which is taken as equal to the loss of evapo- 
rable water. A mathematical expression is 
obtained for average shrinkage in terms of 
evaporable water, humidity of storage, time, 
and a parameter dependent on the dimensions 
of the test piece. 

It is proposed that the time to rupture of 
a cement-paste ring shrinking around a 
rigid core would provide a criterion for judging 
which cements are likely to give concretes 
which have a high shrinkage. 


Vibration of concrete (in French) 


A. Bisis, Genie Civi 
15, 1953, pp. 314-315 
Reviewed by M. W. Jackson 


(Paris), V. 130, No. 16, Aug. 


Discusses factors in behavior of concrete 
while being vibrated and requirements of 
good vibration. Recently the Netherlands 
Concrete Assn. appointed a commission 
charged with conducting a series of tests to 
clarify certain special aspects of this question. 
The results of the tests are summarized in a 
series of directives (described here), and the 
actual results were published in De Ingenieur, 
Apr. 3, 1953. 


Action of sea water and salt water on lime 
and cement (in French) 
M. Dvuriez, Travaux (Paris), V. 
Mar.-July 1953, pp. 189-199, 
319-328, and 349-353 

Reviewed by M. W. 


37, No. 221-225, 
259-265, 285-290, 


JACKSON 


This series forms a complete review of the 
action of salt water on cement and concrete. 
The first installment contains a four-page 
outline of the entire series. 

The subject matter includes the following: 
various types of salt in water, pure water, 
acid salts, alkaline, selenium, sulfates, chlo- 
rides, Magnesium, and sea water; suscepti- 
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bility to attack of various types of cement; 
study of processes of attack by sea water, 
physical, chemical, and mechanical; mortars 
of concrete with sea water; reinforced con- 
crete, danger of corrosion of steel and pre- 
vention of corrosion; data on behavior of 
pozzolan cements; action of salts and sea 
water on mixtures of different cements; and 
comparison with American standards 
ASTM specifications. 


and 


Freezing in concrete (in French) 
R. M. Berruier, Transactions, Fourth 
International Committee on Large 
Delhi, Jan. 1951, V. 3, pp. 519-537 
APPLIED MECHANICS REVIEWS 
Aug. 1953 


Congress, 
Dams, New 


The heterogeneous composition of concrete 
is the essential factor which determines its 
stability when exposed to freezing, which 
may cause deterioration by a process that 
is comparable to that which is seen in natural 
rock formation. This process is generally 
rather slow. Freezing may also cause rapid 
deterioration in the yielding structure of 
the concrete. 

It has been determined that cement that 
has been altered by freezing can be restored 
to its normal characteristics, if the freezing 
is interrupted before complete deterioration. 

Hardening of concrete and its resistance 
when exposed to freezing are greatly increased 
if it hardens under permanent load. Concrete 
deterioration due to freezing can be prevented 
by controlling the cement composition, by 
the correct design of the structures, and by 
careful supervision of construction methods. 


Inelastic behavior of reinforced concrete mem- 

bers subjected to short-time static loads 

L. H. N. Les, Proceedings, ASCE, 

286, V. 79, Sept. 1953, 26 pp., $0.50 
AvUTHOR's SUMMARY 


Separate No. 


An experimentally determined stress-strain 
relationship for concrete in compression due 
to flexure is presented and developed. A 
theory of inelastic flexure based on this is 
formulated to explain behavior of reinforced 
concrete members and to predict ultimate 
loads. Close agreement is found between 
results of the theory and experimental data 
reported in literature. A method of deter- 
mining the collapse loads of statically inde- 
terminate beams is given and is used in 
checking test results obtained for 
statically indeterminate beams. 


three 
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Stockwell bus garage 
Engineer (London), V. 196, No. 5101, Oct. 30, 1953, 
pp. 557-559 
Reviewed by Aron L. Mirsky 

Description of the design and construction 
of a 392 x 194 ft building which provides 
73,350 sq ft of unobstructed floor area for 
parking and servicing 200 of London’s twin- 
decker buses. The structural design is note- 
worthy: two-hinged arched-rib rigid frames 
of 194-ft span, spaced 42 ft apart, on tied 
footings founded on piles. Between the ribs 
are arched vaults; these are not “shells,” 
since they act as cantilevers springing from 
the ribs so far as dead load is concerned, but 
as encastre arches, in conjunction with thrust 
beams or ribs passing across the glazed areas 
at 10-ft centers and cast after the centering 
for the cantilever portions was removed, for 
live load. To keep the cross-sectional area 
of the main frames as small as possible, the 
main reinforcement was YV-butt welded 
instead of lapped. 


Cooling tower for 4,230,000-gal. per hr capac- 
ity at Goldenberg station (Der Kamin-kuehler 
fuer, 16,000 cu m Stundenleistung auf dem 
Goldenberg-Werk) 


F. Varssen, Beton- und Stahlbetonbau (Berlin), V. 
47, No. 8, Aug. 1952, pp. 177-181 
Reviewed by Rupo.tpn Fiscuy 

Describes a new cooling system which uses 
asbestos-cement boards instead of wood 
lattice. To provide a powerful draft, a 
cylindrical reinforced concrete stack with 
174 ft interior diameter and 9% in. wall 
thickness rises 240 ft above ground. 

The structural design, including wind 
stresses and details of the construction, are 
discussed and illustrated. Sliding forms 
were used for the cylindrical walls and 
proved to be a substantial part of the fast 
and economical erection of this type of 
building. 


Estimating quantities for concrete buildings 
Surveyor (London), V. 112, No. 3219, Nov. 14, 1953, 
pp. 789-791 
Reviewed by M. W. Jackson 

Detailed step by step calculations for find- 
ing approximate quantities of concrete, steel, 
and formwork for a building 72 x 144 ft and 3 
stories high. Design analysis is approximate 
to aid in quick solution. 


Lift-slab construction 
CLARENCE P. Green and Kart C. VoGcet, Military 
Engineer, V. 45, No. 308, Nov.-Dec. 1953, pp. 427-430 
Reviewed by M. W. Jackson 
Describes construction of 13 three-story 
dormitories, each 37 by 220 ft, at Lockbourne 
Air Force Base near (¢ Saliuniien: Ohio. Youtz- 
Slick lift-slab method was used instead of 
conventional reinforced concrete with an 
estimated saving of $229,000 in construction 
costs which was 8 percent of the total 
building cost. 


Pithead building for copper mine at Outo- 
kumpu with sliding form concreting (Kaivo- 
stornin liukuvalu Outokummussa) 

Aut Sanpstrom, Rakennusinsinoori (Helsinki), No. 


12, 1953, pp. 173-177 
Reviewed by B. Ke.opuv 

In developing a mineshaft at the 
Outokumpu copper mines in Finland, it 
was necessary to build an ore-dressing plant 
which included a 310 ft high hoisting tower 
and a 180 ft high ore bunker with crushing 
plant. Sliding-form construction was chosen 
as the most economical and practical method. 
Plan dimensions of the rectangular tower are 
34 ft 4 in. x 27 ft 6 in. and the diameter of 
the circular storage bin with crushing plant 
is 43 ft 4 in. 

Author describes, with interesting details, 
the type of forms and the hydraulic jacks 
used as well as the concreting. Information 
given includes use of prefabricated concrete 
beams together with sliding forms, the 
method of re-using jack rods, and special 
yokes simplifying direct application of 
thermal insulation and reinforcement. Work 
was completed in 32 days and costs and 
labor hours for the different operations are 
mentioned. 


Port of London Authority engineering works, 
1952 
Georges A. WILSON, sveseetings, palates of Civil 
Engineers (London), Part II, 2, No. 3, Oct. 1953, 
pp. 551-604 (including Reomdens 
Reviewed by Aron L. Mirsky 

Deals with construction activities carried 
on since 1945. A small transit shed con- 
structed as a three-hinged portal frame in 
prestressed concrete (an experiment to 
ascertain the costs and possible advantages 
of this type of construction) is described; 
there is also an extended discussion of cargo 
handling methods. 
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Multistory continuous frame embodying pre- 
stressed concrete beams 

Surveyor (London), V. 112, No. 3216, Oct. 24, 1953, 
pp. 729-780 


Reviewed by M. W. Jackson 

The first such building to be constructed 
in Britain houses the N. W. London telephone 
offices. It consists of two basements and 
five floors of offices, with a total area of 78,000 
sq ft. 

The frame consists of single-span pre- 
stressed beams at each floor level, cast in 
place between columns of reinforced concrete. 
Columns are spaced 46 ft transversely and 
12 ft laterally. Beams were prestressed 
using the Magnel-Blaton system of post- 
tensioning; the cables passed through the 
columns to anchorages on the external faces 
of the columns. Full continuity between 
columns and beams provided for. 
Spanning between main beams are small 
secondary beams of inverted T-section at 
16-in. centers, precast and _ pre-tensioned. 
These carry hollow clay flooring units covered 
by a concrete topping. Continuity in the 
floor system is provided for by mild steel 
bars in the topping. 


was 


All prestressed and precast warehouse: $5.68 
per sq ft 
James R. Boies, Western Construction, V. 28, No. 9, 
Sept. 1953, pp. 65-67 
Reviewed by M. W. Jackson 

Warehouse for Long Beach Harbor used 
82 prestressed roof girders with 73 ft 4 in. 
spans. It required 4160 cu yd of precast 
concrete for thin-shell waffle-type roof slabs, 
columns, wall panels, Vierendeel-type sway 
frames, roof monitor frames, and prestressed 
girders. Bid price of $5.68 per sq ft of floor 
area for the 150 x 1200-ft warehouse included 
other major items such as 2250 lin ft of retain- 
ing walls and 4650 lin ft of storm drains, 
sewer pipe, and water service. 


Wharf built in dry, floated to place 

Leonarp E. Van Houten, Engineering News-Record, 

V. 152, No. 2, Jan. 14, 1954, pp. 29-30; 33-34 
Reviewed by 8S. J. CuAMBERLIN 


Description of floatable concrete boxes, 
sunk to a prepared bed and loaded to retain 
fill on the shore side, to serve as a wharf for 
unloading ocean-going ore ships in British 
Columbia. The three 45 ft wide, 61 ft deep, 
and 250 ft long reinforced concrete boxes 
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contain 12 transverse bulkheads and a full- 
length longitudinal bulkhead to form 26 
open-topped cells in each. Caissons were 
cast on their side, with the open face (later 
to become the top) vertical, in a dry basin. 
Temporary timber bulkheads at and near 
the open side held water as ballast to float 
the boxes level at high tide. As soon as 
deep water was reached, the water ballast 
was released to flow to the bottom of the 
box so as to tilt it to a stable, partly-careened 
position. Pumps were then used to control 
additional ballast water for intermediate and 
final vertical positioning. The boxes settled 
into place as the tide ebbed. Tops of the 
boxes as cast were exposed to the sea water 
and, since they were placed as horizontal 
slabs without joints or honeycomb and 
carefully finished, gave an excellent surface. 
An additional 5 ft high reinforced beam was 
constructed on the water side to act as a 
seawall. Other beams carry rails for a 
gantry crane. 


Modern concrete structures in Spain (Moderne 
Betonbauten in Spanien) 


A. Scummr Van _ Srenvert, Die Bauzeitung 
(Stuttgart), V. 58, No. 12, Dec. 1953, pp. 426-427 
Reviewed by Aron L. Mirsky 
Illustrated description of two of Torroja’s 
shell-type designs. “The gymnasium is one 
of the most interesting Spanish concrete 
shell structures of Prof. Eduardo Torroja, 
Madrid. For us in Germany this is especially 
noteworthy, because it was bombed in the 
Spanish civil war—and remained standing.” 


Earthquake-resistant tower features floating 
foundation, heat pump 


Engineering News-Record, V. 151, No. 21, 
1953, pp. 47-48 


Nov. 19, 


Reviewed by S. J. CHAMBERLIN 


The 155 x 51-ft tower, 12 stories high, 
will be supported on three continuous foot- 
ings, 2 ft 8 in. deep. Connecting ties are 
being placed integrally and to about the 
same depth to permit the whole foundation 
to move as a unit under lateral earthquake 
force. Sand and gravel were compacted 
beneath columns and between footings with 
timber piles. The 6-in. floor slabs will 
vantilever 3 ft 6 in. past the column lines at 
the sides of the tower and 5 ft at the ends. 
A light one-story structure at street level 
will be structurally independent of the tower. 
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General 


Impact of statistics on civil engineering 
Hyman Levy, Proceedings, Institution of Civil 
Engineers (London), Part I, V. 2, No. 6, Nov. 1953, 
pp. 681-694 

Reviewed by Aron L. Mirsky 

Seldom has reviewer had the pleasure of 
reading a paper as literate as the Institution’s 
1953 James Forrest lecture. The author, an 
eminent mathematician, begins with a few 
trenchant thoughts on technological obso- 
lescence and its sociological implications: 
just as strength and other engineering 
criteria set a lower limit on the life of a 
structure, so obsolescence (his descriptions 
of London’s traffic congestion strike a most 
responsive chord) sets an upper limit. “Can 
the civil engineer,” he asks, “incorporate 
time into his designs?” 

Statistics, he maintains, offers a powerful 
tool for engineers. As an illustration, he 
investigates the variation in strength in a 
series of concrete cubes; the results are then 
applied to a statistical (probability) study 
of the security of structural members and of 
structures as a whole. All in all, a paper to 
be read for both enjoyment and profit. 


Evaluation of the effect of structural vibrations 
(Ermittlung der Wirkung von Bauwerksschwin- 
gungen) 
H. W. Kocnu, Zeitschrift VDI (Duesseldorf), V. 95 
No. 21, July 21, 1953, pp. 733-737 

Reviewed by Aron L. Mirsky 


Interesting summary of the effect of 
vibrations on both structural materials and 
the occupants of the affected structures. The 
former may be studied by both direct (strain, 
stress, deflection measurement) and indirect 
(amplitude of vibration, coefficient of damage) 
methods; the latter only by indirect methods, 
human estimates of values being too apt to be 
too high. 


Experimental stone-crushing plant 
F. G. Taytor, Engineering (London), V. 176, No. 


4570, Aug. 28, 1953, pp. 281-283 
Reviewed by Aron L. Mirsky 
Description of experimental plant con- 
structed as part of the research program of 
the British Road Research Board, to permit 
full-scale investigation of the effect of vari- 
ations in the feed and operating conditions 
of crushers on the grading and shape of the 
aggregates produced. 


Performance of jaw crushers 
K. Gavuupre, Engineering (London), V. 176, No. 
4576, 4577, Oct. 9, 1953, pp. 456-458; Oct. 16, 1953, 
pp. 485-486 
Reviewed by Aron L. Mirsky 
Analytical investigation of design factors 
influencing output rate of jaw crushers and 
size of stone produced. Conclusion is that 
maximum quantity and highest quality 
‘xannot be attained simultaneously; for opti- 
mum results a compromise must be effected. 


Whoever heard of sawing vertically up a 
concrete wall? 
Construction Methods and Equipment, V. 35, No. 5, 
May 1953, pp. 62-63 
Reviewed by M. W. Jackson 

Five photos show ‘a concrete wall 60 ft 
high being sawed to tie in new construction 
with an existing structure. 


Portable shelters permit winter reservoir con- 
struction 
Public Works, V. 84, No. 8, Aug. 1953, p. 88 
Reviewed by M. W. Jackson 
Eight portable buildings were used as 
shelters for construction of a reservoir 538 
ft long, 273 ft wide, and 24 ft deep at 
Minneapolis, Minn. Concrete work was 
begun in December, 1952, and by April, 
1953, it was 75 percent complete. Where 
the construction season is short, such portable 
buildings are valuable. They were satis- 
factory in the coldest weather here. 


Self-erecting building cranes 
Engineering (London), V. 176, No. 4582, Nov. 20, 
1953, pp. 648-649 
Reviewed by Aron L. Mirsky 
Describes imported cranes of German 
manufacture (cf. Der Bauingenieur, May, 
1953, pp. 179-182; “Current Reviews,” ACI 
JOURNAL, Jan. 1954, p. 408). Particular 
attention is paid to the self-erecting feature 
of these cranes. 


Tool for deep-level grouting 


Engineering (London), V. 176, No. 4586, Dec. 18, 
1953, p. 779 


Reviewed by Aron L. Mirsky 


Describes tool point developed for deep- 
level (15 to 17 ft) grouting of fissured clay 
embankments. Design of tool is such that 
grout is prevented from working its way 
upward along the outside of the tube. 
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Problems of steaming concrete (A  beton 
gozolesenek nehany ker 
L. Korprx, Magyar Epitoipar (Budapest), V. 1, 
No, 4, 1952, pp. 211-219 
HuNGARIAN TECHNICAL ABSTRACTS 
V. 5, No. 2, 1953 
Cites some practical examples on the winter 
steaming of concrete. Questions of theory and 
principle are touched upon only inasmuch as 
they are deemed necessary for understanding 
the examples in question. The following exam- 
ples are described: (1) plan for steaming a 
large monolithic concrete frame which in- 
cludes plans for casing, steam lines, installa- 
tion of boilers as well as instructions for effect- 
ing the steam treatment; (2) plan for steam- 
ing prefabricated reinforced concrete frames 
which includes plans for casing and steam 
lines; and (3) plan for steaming reinforced 
concrete beams prefabricated at the site in 
pairs. Various methods are described for 
joining prefabricated reinforced concrete 
structures by means of concrete: (a) using 
double casings and steaming, (b) using double 
casings by the thermos process, and (c) by 
covering with tarpaulins and steaming* 
Basic formulas are presented for thermo- 
dynamic calculations in connection with 
steaming: (a) preheating of gravel and 
water, (b) calculation of heat losses, (c) 
thermal resistance and heat transfer factors, 
(d) surface heat losses of steam lines, and 
(e) calculation of the total amount of heat, 
heating surface, and coal required. 


Door and window frames in reinforced concrete 
(Tuer- und Fenstergewaende aus Stahlibeton) 


G. Braun, Betonstein-Zeitung (Wiesbaden), V. 19, 
No. 2, Feb. 1953, pp. 56-59 
AvuTHOR’s SUMMARY 
Reinforced concrete door and window 
frames made in one single unit can be in- 
stalled with derricks and hoists economically. 
Since these window frames are sized accu- 
rately, the window itself may be prefabricated 
in the workshop without the risk of having 
too much subsequent adjustment on the 
building site. Details are given on mounting 
the door and window frames. 


Concrete tennis courts and cricket pitches 
Concrete Assn. of India, 1953, 20 pp. 


Offers a specification and construction 
details for use of concrete in courts for 
these sports. 
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Large scale transportation of bulk cement 
(Ein Gross-projekt zum Transport! von Losem 
Cement) 
Zement-Kalk-Gips (Wiesbaden), V. 6, No. 9, Sept. 
1953, p. 343 
Reviewed by WrerNER H. Gompertz 

Large amounts of cement needed for the 
construction of a major dam in the Swiss 
Alps required special provisions, since trans- 
portation facilities to the remote site were 
severely limited. Using 15-ton containers 
on special railroad cars, the cement was 
loaded and unloaded by a pneumatic process, 
and later transferred mechanically into 
cable car containers of 1600-lb capacity. 
Increasing and effective use of bulk cement 
in Switzerland and Germany is noted. 


Vibrating-wire strain gage for use in long-term 
tests on structures 


R. J. Marnstone, Engineering (London), V. 176, No. 
4566, July 31, 1953, pp. 153-156 
Reviewed by Aron L. Mirsky 

Valuable article describing the gage and 
some of the lessons learned in using it. 
What was desired was a gage which would 
be expendable and have no long-term drift; 
gage as constructed and used has 6-in. gage 
length, fulfills these criteria, is easy to use, 
requires only simple switching apparatus 
(since frequency, not resistance, change is the 
measured variable), and can be buried in 
concrete or subjected to rude handling during 
erection (e. g., by riveting of adjacent joints) 
without damage. In brief, the gage is com- 
posed of two posts screwed into holes drilled 
in the member under test, with the vibrating 
wires passed through holes in the posts, 
tensioned, and held by taper pins; if required, 
a cover of a thickness determined by con- 
ditions is then applied and the gage water- 
proofed. The electromagnet for plucking 
the wire and picking up ensuing vibrations is 
mounted on posts or the cover, if one is used. 

In reading, standard reference gages are 
used, but their exact characteristics are not 
important, since they in turn were first cali- 
brated against gages of the type under 
discussion mounted on a calibration bar. 

Gage has been successfully applied to 
steel structures, a prestressed concrete 
building, a steel-and-concrete highway bridge, 
and a tunnel lined with cast iron plates. An 
improved version of the posts was being 
tested at time article was written. 





Title No. 50-48b 


Cellular Concretes* 


Part 2 


Physical Properties 


By RUDOLPH C. VALORE, JR. 


A SYNOPSIS of this paper, here concluded, was published with Part 1 in 
the May 1954 JourNAL, Proceedings V. 50, p. 773. 


DENSITY 


Many physical properties of lightweight concretes depend rather sensitively 
upon density. For this reason, values for the properties of cellular concrete 
must usually be qualified by their relationship to density. Appreciable 
quantities of water used in preparing cellular concretes are removed as the 
concretes attain a satisfactorily dry condition. For autoclaved cellular con- 
cretes having oven-dry densities of 37 to 55 lb per cu ft, typical ratios of 
density for various conditions, relative to the oven-dry density, are shown in 
Table 4 

Density ratios of moist-cured cellular neat cement when removed from 
molds relative to the oven-dry state may range from 1.5 to 1.2 for dry densities 
in the range of 10 to 40 lb per cu ft, respectively.*°**{ For moist-cured 
cement-sand mixtures proportioned 1:1 to 1:4 and having dry densities of 
40 to 100 lb per cu ft density ratios are less variable, having generally not 
exceeded 1.2, and have been as low as 1.1 for the densest concretes.*° 

In concretes made by foaming and hydrogen peroxide mix-expansion 
processes, comparison of densities of concrete freshly mixed and upon re- 
moval from molds may indicate the relative stability of the cell structure. 
Seepage of water from molds may actually lower the density of mixtures of 
very low density. If an increase in density occurs before solidification, it 
may result from an unstable cell structure manifested in excessive subsidence 
of the exposed surface and the flattening of initially spherical air or gas cells. 
Materials made with hydrolyzed protein foaming agents have been especially 
free from this defect and have had virtually the same densities when freshly- 

mixed and after 24 hr. Dilnot*’{ has indicated that optimum structural and 


7 resented at the ACI 50th annual convention, Denver, Colo., February 24, 1954. Title No. 50-48b (in two 
parts, the first published in May) is a part of copyrighted JourRNAL or THE AMERICAN Concrete Instirure, V. 25, 
No. 10, June 1954, Proceedings V. 50. Separate prints of the entire paper (Part 1 and Part 2) are available in covers 
at $1.00 each. Discussion (copies in triplicate) considered on the basis of the entire paper should reach the Institute 
not later than Sept. 1, 1954. Address 18263 W. McNichols Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Materials Engineer, National Bureau of Standards, W: ashington, D. C 

TAll references in Part 2 pertain to the list carried in Part 1, p. 794, ACI Journat, May 1954. 
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TABLE 4—DENSITY OF CELLULAR CONCRETE UNDER VARIOUS CONDITIONS 





Ratio of density to oven-dry density 
Density after 
Mixture Source autoclaving and After 24-hr Equilibrium 
drying 24 at autoclaving soak 73 F, 50 percent 
220F, lb per cu ft RH. 


Cement-fly ash C N 40 ; j .43 .04 
Cement-fiy ash D 38 Q . .73 .03 
Cement-silica 40 , .23 .36 02 
Cement-slate dust : 37 ; . .66 02 
Cement-shale dust 49 . od .49 .03 








Lime-fly ash D NBS 45 


“Typical material” | Dilnot* 44 otsS ait ae .07* 
Cement-silica Sweden 44 pws eee Pt 04 
Cement-silica Bessey and 54t La cate .39t ees 
Dilnot* 
Lime-pozzolan Swezey and 
(excess H20 method)| Jones** 























*Relative humidity not stated. 
+72 hr at 220 F. 

$~22 days’ submersion. 

§Before autoclaving in molds. 


moisture properties of cellular concretes may be obtained only when the cell 
structure remains stably spherical. 

European practice is to use the density after drying at 220 F for 24 hr (or 
to constant weight) as a basis for evaluating other properties. In view of the 
fairly close agreement between “oven-dry” and ‘“‘room-dry”’ densities as 
shown in Table 4 this practice appears reasonable. The percentage by which 
density of a hardened cellular concrete exceeds the oven-dry density is termed 
“free moisture” according to the usage of Bessey and Dilnot*®** and others. 


COMPRESSIVE STRENGTH 
Effects of variables in testing 


Comparison of strength values from various sources is complicated by 
differences in specimen sizes and shapes, and in testing conditions among 
different laboratories. 


Effect of specimen size and shape—Most European data are for cube speci- 
mens but rectangular prisms are also tested in compression. National Bureau 
of Standards test specimens were 2 x 3.5 or 4-in. cylinders. Effects of speci- 
men size and shape upon compressive strength of cellular concrete may be 
seen from the following table: 





| 
Source Specimen types Strength 
ratio 


Bessey and Dilnot*® | 3-in. cube: 2-in. cube (cut) 0.91 
Vinberg** 6 x 6 x 10-in. prism: 3-in. cube (cut) 0.89 
NBS 2 x 4-in. cylinder: 2-in. cube (cast) 0.8 
Graf* 4.7-in. cube: 2.8-in. cube (cast) 0.8: 
Graf | 11.8-in. cube: 2.8-in. cube (cast) 0.5 
Graf* Cubes of various sizes (cut) 1 
Vinberg* Cubes of various sizes (cut) | 1 





oo 


“Strength ratio” in the table is that of the specimen listed first to the 
specimen listed second under “Specimen types.”’ According to Tucker® the 
strength ratio of taller to shorter specimens decreases as strength decreases. 


*All references in Part 2 pertain to the list carried in Part 1, p. 794, ACI Journat, May 1954. 
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TABLE 5—INFLUENCE OF MOISTURE ON STRENGTH OF CELLULAR CONCRETES 
MADE WITH PORTLAND CEMENT 


Room-dry | Saturated 
Oven-dry | Oven-dry 
Source Propor- | Aggregate | Density - -- - } —-—- — - 
| tions or Cure | dry, lb Free H20,| Strength | Free H20,| Strength 
pozzolan | | per cu ft percent ratio | percent ratio 
- —— - _ _ ——__— a | _ _ _ - —— - — 
| 


Bessey 34 Sand | Atmospheric 


N 


steam | 78 
and ‘a Silica | Atmospheric} 
| steam 
Dilnot = Sand Autoclave 
: Silica | Autoclave 


ace ite 0 


74* 32 0.56 
83* 25 0.65 
80* 39 


toton 


Dilnot#? | “Typical material” | Autoclave stated 


+O 
37 


Vinberg* 2 Silica | Autoclave 


—_ 
tot 


NBS 
NBS 
NBS 
NBS 
NBS 
NBS 


| Fly ash B Autoclave 

| Fly ash C Autoclave 

| Fly ash D | Autoclave 
Silica | Autoclave 
Slate dust Autoclave | 
Shale dust | Autoclave | 


“10 on 
wSwNwwH to 


66 
49 


*Interpolated by Bessey and Dilnot; high early strength cement and calcium chloride were used in these con- 
cretes. 
tInterpolated by author. 


Disagreement between cube and cylinder (//d = 2) would become large for 
strengths much below 1000 psi. Tucker recommended that //d be chosen 
between 1.5 and 2.0 to avoid the influence of restraint at bearing surfaces. 
Indications by Graf‘ and Vinberg** that the size of cubes cut from larger 
specimens has little effect on strength is in conflict with Bessey and Dilnot’s*® 
data. 

Effect of direction of loading and inhomogeneity within the specimen—Graf* 
showed more than 20 percent greater strength for gas-formed 6-in. cubes 
loaded perpendicular to the direction of expansion than for those loaded 
parallel to that direction; observations at the British Building Research 
Station’ and elsewhere have been of a similar nature for gas-formed materials. 
Vinberg,*® however, found no significant differences in strength for a very 
uniform Swedish material made by the aluminum powder process when 
loaded in different directions. Test results for foamed materials are usually 
in agreement with those of Vinberg. Small cores drilled from different heights 
of 6 x 12-in. cylinders of NBS mix-foamed materials did not differ significantly 
in density or strength. For six NBS mix-foamed batches cast and auto- 
claved as both 2 x 4-in. and 6 x 12-in. cylinders, 2 x 3'4-in. cores taken from 
the larger cylinders did not differ significantly in strength or density from the 
2x 4-in. cast cylinders. Variations in density, top to bottom, in 2 x 4-in. 
cylinders cast from HO, expanded material were appreciable only when 
insufficient cell-stabilizing material was used. 


Influence of free moisture upon strength—Effects of free moisture upon com- 
pressive strength are indicated in Table 5. The first 2 to 3 percent of moisture 
reduces strength about one-half as much as the 20 to 50 percent reduction 
caused by saturation, in autoclaved as well as moist-cured materials. Effects 
of similar magnitude have been shown for cement mortars and sandstone 
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by Stradling,®* and for sand-lime brick by Bessey.*® Bessey and Dilnot*® 
state that comparison of strength test results of dry cellular concrete from 
different sources “can have little meaning without a close definition of the 
degree of dryness.” 

Influence of age on compressive strength of autoclaved materials—Graf* and 
Koudriashoff®® have stated that increases in strength of up to 40 percent occur 
over long periods of storage after autoclaving. Tests of NBS specimens soon 
after autoclaving, after oven-drying, and after months of room-drying at 
ordinary temperature indicate that in many instances increases observed 
were due to gradual loss of free moisture. Oven-dry specimens gradually 
decreased in strength during subsequent storage at ordinary temperature, 
apparently due to increases in free moisture. 


Compressive strength of moist-cured cellular concrete 

Data from various sources, including manufacturers’ sales literature, are 
given in Fig. 11 for compressive strength and density of moist-cured cellular 
neat cement and cement-sand mixtures. Strengths are for specimens 28 
days old, except for those reported by one manufacturer for specimens 42 
days old. Most specimens were tested in a “‘room-dry”’ condition but a few, 
as indicated, were tested moist; densities cited were for the room-dry condi- 
tion for some specimens and for the oven-dry (220 F) condition for others. 
Specimens were 3 x 6-in. and 6 x 12-in. cylinders, and cubes of several sizes. 

Despite differences in test specimens and testing procedures, general rela- 
tionships between strength and density are indicated. Only a few results 
for gas-formed neat cement and none for gas-formed 1:4 materials were 
available for this compilation, and no conclusion regarding the relative merits 
of gas or foam methods is warranted. Data available on moist-cured gas- 
formed mixtures proportioned 1:1 to 1:3 do not show well-defined influences 
of density. Strengths given by Graf‘ for H.0.-formed 1:3 mixtures weighing 
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Fig. 12—Compressive strength of NBS auto- 3500 

claved cellular concretes containing low-carbon 

fly ash and other pozzolans, made by mix- 

foaming and hydrogen peroxide processes. 

(Specimens were 2 x 4-in. cylinders tested in the 
oven-dry condition) 
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70 lb per cu ft (oven-dry) ranged from 450 to 800 psi. However, the highly 
effective accelerator evolved in the H,0, process may invalidate Graf’s con- 
clusions attributing higher strengths to the HO. process. Graf’s lowest 
strengths for H,O0.-formed materials (of 70 lb per cu ft density) were obtained 
for limestone (“inert’”’) aggregate, possibly indicating pozzolanic effects for 
siliceous aggregates; foamed materials were generally made with coarser 
sands. Moist-cured 1: 1.5 cement-pozzolan mixtures of the British Build- 
ing Research Station®** made by aluminum powder and foaming processes 
had cube strengths, when tested wet at 28 days, equal to those of some neat 
cements shown in Fig. 11, at oven-dry densities of 40 to 60 lb per cu ft. As 
will be shown later in “Shrinkage of moist-cured materials,’ p. 830, however, 
the relatively high strength for moist-cured mixtures containing very finely 
divided aggregate is accompanied by greatly increased drying shrinkage. 

Manufacturers’ data®>*°.3! for prefoamed 1:1, 1:2, and 1:3 cement- 
natural sand mixtures are in conflict, 1:3 conerete from one source exceed- 
ing in strength the 1:2 concrete of the same density from another source. 
Strength-density relationships for 1:2 and 1:3 mixtures fall between those 
indicated in Fig. 11 for neat cement and 1:4 materials, but are much closer 
to the 1:4 values. 


Compressive strength of autoclaved cellular concrete 

Data are presented on compressive strengths of autoclaved cellular con- 
cretes in Fig. 12, 13, and 14. 

Most of the data in Fig. 12 were obtained for 1: 0.75 mixtures of a normal 
portland cement and the low-carbon fly ash C (see Table 1). Cell structures 
were produced by mix-foaming and by hydrogen peroxide processes. Single 
mixes made with silica, expanded slate kiln dust, and expanded shale kiln 
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Fig. 13—Compressive strength of European 

autoclaved cellular concretes of various com- 

positions and made by various processes. (Test 
specimens were cubes in most cases) 


dust are also represented. Each point represents three to six specimens 
cast as 2 x 4-in. cylinders, or 2 x 3!4-in. cores drilled from 6 x 12-in. cylinders 
after autoclaving. Strengths were obtained after drying at 220 F for 24 hr 
to compare strength-density relationships for a foaming and a gassing process 
unobscured by appreciable free moisture effects. Some H.0. mixes, containing 
insufficient amounts of neutralized resin stabilizer, were much lower in strength 
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Fig. 14—Compressive strength of NBS auto- 

claved mix-foamed and prefoamed cellular 

concretes made with various pozzolans. (Test 

specimens were 2 x 4-in. cylin and air dried 

to moisture contents of 1 to 4 percent, by 
weight) 
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than others of the same density, apparently because of observed nonuniform 
cell structures. 

In Fig. 13 compressive strength data from European literature on auto- 
claved cellular concretes are shown. Precise moisture contents of the various 
materials, when tested, are not known, but most are believed to have ap- 
proached constant weight at ordinary temperature. Values shown in Fig. 13 
for Russian materials are from tests made one year after autoclaving, at 
which time the strengths were, according to Koudriashoff,®® 30 percent higher 
than immediately after autoclaving. Test specimens of the various materials 
were mostly cubes which were loaded perpendicular to the vertical dimension 
as cast. Various silica and fly-ash mixtures were believed to be proportioned 

2, by weight, with the exception of the points noted in the ee Russian 
‘atime consisted of cement, silica flour, and fine silica sand (1: 1:1). Graf’s* 
cement-silica mixtures proportioned 1:1 and 1:3 (not anal were lower 
in strength than the 1: 2 mixtures; however, the finest silica used with cement 
in Graf’s tests had only 50 to 60 percent passing the No. 200 sieve (74 mi- 
crons). Graf’s results are presented in Figs. 15 and 16, for different combi- 
nations of ingredients and cell-producing processes. Excessive scatter is 
indicative mainly of effects of composition and fineness, which were not 
qualified by Graf beyond the legends shown. Points shown in Fig. 13 for 
Graf’s results are averages from many tests as summarized in his mono- 
graph.‘ 

Strengths of mixtures made with lime by the excess water method were 
higher than those of mixtures made with cement by foaming or gassing proc- 
esses, but silica used with the excess water method was more finely divided. 
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The two points showing strengths of 2200 and 2300 psi at densities 41-44 
lb per cu ft were for mixtures containing about 400 lb of lime (presumably 
as CaO) per cu yd and very finely divided silica (99 percent finer than 60 
microns). Strengths as high as 3000 psi (not shown) for 47.5 lb per cu ft 
density were obtained by Graf for these materials; lime contents as low as 
190 lb per cu yd were used by Graf in mixtures showing strengths of 770 psi 
at about 46 lb per cu ft. Graf regarded a lime content of 285 lb per cu yd 
(note point at 1325 psi and 44 lb per cu ft) as most satisfactory for coarser 
pozzolans (75 percent of material finer than 60 microns). Graf’s mixtures of 
lime and burned oil shale showed much lower strengths than those of lime and 
silica, when other factors remained constant. 


Fig. 13 indicates average strength values of European laboratory and 
commercial autoclaved cellular concretes. The precise nature of the curing 
cycles and other details of manufacture are known to the author in relatively 
few cases; range of curing temperatures and durations of complete curing 
cycles are believed to be 345 to 370 F and 10 to 24 hr. 


Strength results from work in progress at the NBS are presented in Fig. 14. 
These materials were 2x 3)4-in. cores from 6.x 12-in. cylinders and were 
tested in an “air-dry” condition after storage at 73 F and uncontrolled humi- 
dity for 4 to 8 weeks. Lower strengths for some prefoamed materials appeared 
to result from appreciably coarser cell structures and possibly from lower 
mixing water contents than for mix-foamed materials. Relatively high 
strengths of mix-foamed concretes made with fly ash D, when compared with 
the low-carbon fly ash C, may have been due to the greater proportion of 
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Fig. 17—Relationship of flexural to compressive 2800 
strength for autoclaved cellular concretes made 
by various processes (from O. Graf, reference 4) 
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micropores, resulting from the higher mixing water requirement and lower 
air content for fly ash D. 


Results in Fig. 14 indicate that cellular concretes made by foaming processes 


with materials available in this country possess strengths at least equal to 
those produced commercially abroad. 


FLEXURAL AND TENSILE STRENGTH 


Graf’s* comparison of compressive and flexural strengths for autoclaved 
cellular concretes of various compositions and cell-forming processes is shown 
in Fig. 17. The curve is represented by the equation 

y = 0.75 2 + 0.005 2x? 
where x is the flexural strength in psi and y the compressive strength in psi. 
This equation leads to ratios of flexural to compressive strength of over 0.5 
for compressive strengths under 500 psi, 0.35 at 1100 psi, and 0.25 at 2700 psi. 
These ratios are about double those obtained from data of Kluge, Sparks, 
and Tuma? on moist-cured lightweight aggregate concretes, and appreciably 
higher than obtained from rather meager data published elsewhere on cellular 
concrete, which indicate, for compressive strengths of 500 to 1500 psi, ratios 
of 0.2 to 0.35.4%:*:6 For a commercial cement-silica autoclaved cellular 
concrete, ratios of flexural to compressive (cube) strength were 0.22 to 0.27 
in tests reported by Vinberg.*® Strength ratios were determined for a few 
NBS mixes and were between 0.1 and 0.45 for compressive strengths of 700 
to 1500 psi. It appears, from all information, that ratios 0.2 to 0.33 of flexural 
to compressive strength generally claimed for these materials are valid. 
Vinberg gave ratios of tensile to compressive strength of 0.11 to 0.12. Ratios 
of tensile to flexural strength derived from Vinberg’s data are in approximate 
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agreement with Gonnerman and Shuman’s® value of 0.55 for ordinary con- 
crete. 

Graf‘ obtained for moist-cured materials ratios of flexural to compressive 
strength about the same as those indicated by Fig. 17. Ratios of about 0.2 
to 0.35 are given by European manufacturers and the British Building Re- 
search Station.?5:*°-64* Dried cellular neat cement tested at the NBS had 
extremely variable ratios of flexural to compressive strength; values as low 
as 0.05 were obtained, apparently because of shrinkage cracking, for com- 
pressive strengths of 400 to 600 psi. Very low density dry cellular neat cement 
may have virtually no flexural strength. 


BOND STRENGTH 


Information on bond of cellular concrete to reinforcement is meager. For 
a Belgian autoclaved cellular concrete®® made by a foaming process and 
weighing 61 lb per cu ft, bond strength was given as 255 psi and compressive 
strength as 2560 psi; flexural strength was 610 psi. Data published by Men- 
zel in 1936*' indicate that autoclaved noncellular sand-gravel and expanded 
shale concretes containing added silica developed, at a given slip, only 30 to 
50 percent of the bond stress obtained in comparable concretes after 28 days of 
moist curing, regardless of size or type of bar used. 

Moist-cured cellular neat high early strength cement expanded by the 
aluminum powder process, and having a density of 45 lb per cu ft, had a pull- 
out bond strength of 150 psi and a compressive strength of 600 psi, in tests 
made at the NBS. Ratios of “‘push-out’’ bond strength to compressive strength 
given by a European firm*®> for prefoamed moist-cured cement-sand concretes 
were (0.25 for 1: 1, 0.30 for 1: 2, and 0.38 for 1: 4 mixes. 

Despite the dearth of information on bond, an appreciable proportion of 
commercially made cellular concretes contains reinforcement. The Swedish 
autoclaved lime-shale type”? is produced as beams, lintels and other structural 
shapes in which steel is encased first, in dense concrete or mortar and then 
embedded in the lightweight material. Some manufacturers do not provide 
denser covering for the steel, although Graf‘ states that corrosion due to 
reaction products evolved in the hydrogen peroxide process precludes use of 
that process for ordinary reinforced members. 


ELASTICITY 


Vinberg**® has reported average values for a static modulus of elasticity 
of Swedish cement-silica cellular concrete, made by the aluminum powder 
process, as follows: 


Density, lb per cu ft Compressive strength (prism), psi | Modulus of elasticity, psi 


32.4 360 195,000 
40.5 705 324,000 
47.4 820 376,000 
51.1 985 452,000 


*Ratios given by one manufacturer are stated to be for tensile, rather than flexural strength, but the terms may 
have been used interchangeably. 
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i. 18—Stress-strain curves for 1400 

N autoclaved cellular con- 

cretes made by foaming processes. 
(2x 2x 4-in. prisms) 
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Graf reported similar compressive strength-elasticity relationships for a 
similar material for values of compressive strength and modulus of elasticity 
as low as 200 and 100,000 psi, respectively. 

Anderegg®? reported average values of 355,000 psi for EF and 1070 psi for 
compressive strength of lime-silica material made by the excess water method 
and having a density of 27.5 lb per cu ft after oven drying. 

Dynamic and static (secant) moduli of elasticity have been determined 
for autoclaved cement-pozzolan cellular materials at the NBS. Stress-strain 
curves for concretes having a density of 40 lb per cu ft are shown in Fig. 18; 
values for secant E (between the origin and the point on each curve corres- 
ponding to one-half of the compressive strength) ranged from 385,000 psi 
for fly ash D to 280,000 psi for silica. Dynamic E values calculated from 
longitudinal resonance data averaged 5 percent higher than secant F values. 
These and other NBS dynamic E data indicate that, not only cellular con- 
cretes of the same density, but also those of the same strength, differ appre- 
ciably in EF with the nature of the pozzolan. The ranges appear in the following 
table: 


Compressive strength, psi Dynamic modulus of elasticity, psi 


600 to 700 175,000 to 370,000 
1000 to 1100 300,000 to 500,000 
1300 to 1400 400,000 to 670,000 


Values for expanded slate and shale kiln dust mixtures showed the highest 
and those for fly ashes and silica the lowest ratios of dynamic E to compressive 
strength. 

Values for Poisson’s ratio reported by Vinberg** were close to 1/6 (a value 
often obtained for ordinary concrete) at all densities and strengths. Values 
from NBS dynamic tests ranged from 0.15 to 0.25 for mixes of various com- 
positions. 

Elasticity data on moist-cured cellular concretes appear to be meager. 
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Graf‘ reported a few values from static tests of German proprietary foamed 
cement-sand mixtures. These values are much higher, in relation to com- 
pressive strength, than those for the autoclaved materials, apparently be- 
cause of the presence of higher proportions of nonreactive aggregate which 
contributes to elasticity but not to strength of the moist-cured materials. 
Average static values from Graf‘ and others*® for moist-cured concretes 
formed by various processes are as follows: 


28-day 
Dry density, compressive Modulus of elasticity, psi 
Ib per cu ft strength, psi 
24 (neat) 85 68,000 
43 (1:3) 16¢ 135,000 to 185,000 
55 (1:3) 210 165,000 to 260,000 
80 (1: 3) 530 710,000 





These values of E are lower than those for autoclaved materials of similar 
densities. 


ABSORPTION AND CAPILLARITY 


Absorption values for NBS materials are given in Table 6 for moist-cured 
and autoclaved cellular concrete; the few values available from other sources 
are also given. Impressions that these materials possess ‘‘low’’ absorptions are 
difficult to reconcile with the magnitude of values in Table 6 until the nature 
of absorption tests for which results are cited in European sales literature is 
considered. These tests are of two types: 


(a) Partial immersion of a sample in water with most of the sample sur- 
face exposed to air at ordinary temperature and unstated humidity. Ab- 
sorption values are then given as the weight of water absorbed per unit of 
area of immersed surface, or as percentage absorption by total sample weight 
or volume, despite possible differences in specimen size. 


(b) By exposure of an oven-dry specimen to air of a definite relative hu- 
midity until weight equilibrium is attained; absorption is then given by 
weight or by volume of dry material. 

Method (a) is really a capillarity test and as such indicates that Swedish 
cellular autoclaved materials show appreciably lower ‘capillary absorption”’ 
than Swedish “porous” and “light”’ clay brick weighing 75 to 100 |b per cu ft. 
NBS moist-cured and autoclaved materials showed relatively low capillary 
rise (about 0.5 to 1.5 in. after several days) at ordinary temperature and 
humidity, but gradually became saturated when relative humidity was ex- 
tremely high. Capillarity test “absorption” values given for Swedish cement 
silica material were 20 to 25 percent by weight at dry densities of 37 to 25 |b 
per cu ft but these values may be of questionable merit, inasmuch as sizes of 
test specimens and the relative humidity were not stated.** 

Method (b) indicates sorption of water vapor from air and values given for 
Swedish cement-silica material are, by weight, about 2.5 percent at 50 percent 
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TABLE 6—AVERAGE ABSORPTION VALUES FOR CELLULAR CONCRETE 


Dry | Absorption, percent* 
Mixture Process Source Cure density, . —_—_—_-_— 
lb per cu ft} By weight | By volume 
Neat cement Mix-foam or | NBS Moist 40 to 55 20 to 30 
| aluminum 
Neat cement | Mix-foam NBS Autoclave 
: 3, cement-sand Foam | Bessey Atmospheric 
1: 2, cement-silica Foam | and steam 
1: 3, cement-sand Foam Dilnot Autoclave 
1: 1.5, cement-silica Foam Autoclave 


1: 1: 1, cement-silica-sand Foam Koudriashoff*® | Autoclave 


Swedish cement-silica Aluminum NBSt Autoclave 
Swedish lime-shale Aluminum | NBSt Autoclave 


Swedish cement-silica Aluminum Vinberg* Autoclave 37 


Cement-silicat Mix-foam NBS | Autoclave 
Cement-fly ash Bf Mix-foam NBS Autoclave 
Cement-fly ash Dt Mix-foam NBS Autoclave 


Cement-fly ash C 
Cement-fly ash C 
Cement-fiy ash C 
Cement-fly ash C 


Mix-foam | NBS Autoclave 
Mix-foam NBS | Autoclave 
Mix-foam NBS Autoclave 
Mix-foam | NBS Autoclave 


tetttsee 


Cement-expanded slatet Mix-foam NBS Autoclave 
Cement-expanded slatet Mix-foam | NBS Autoclave 
Cement-expanded slatet Mix-foam NBS Autoclave 
Cement-expanded slatet No agent NBS Autoclave 


Cement-expanded shalet Mix-foam NBS Autoclave 
Cement-expanded shalet Mix-foam NBS Autoclave 


Neat cement t | Mix-foam NBS Autoclave 


*For 24-hr submersion in NBS tests; 1 to 33 days in other tests. 

tSamples of commercially made material tested at NBS. 

tMade and tested at NBS; proportions were 1: 0.75 to 1: 1.8 and absorption values were independent of propor- 
tions. 


relative humidity and about 6 percent at 90 percent relative humidity.” 
Kudriashev® reported similar values for autoclaved prefoamed lime-silic: 
mixtures. 

Data.for NBS xeutoclaved materials listed in Table 6 indicate that, for a 
single type of pozzolan, the volume absorption appears to be independent of 
density. This is illustrated by the expanded slate kiln dust mixtures ranging 
from 35 to 83 lb per cu ft in density. The densest material contained no 
foaming material. NBS materials with the highest absorptions were those 
containing fly ash D and those containing expanded slate kiln dust; these 
materials also required the highest ratios of mixing water to cement plus 
pozzolan. Silica and fly ash C mixtures were lowest in absorption and had 
the smallest ratios of mixing water to solids. There was a good correlation 
between volume absorption and the ratio of mixing water to solids when 
average values for each pozzolan were considered. Absorption did not appear 
to depend upon either the water-cement ratio or the cement-pozzolan ratio. 

Absorption values of NBS moist-cured cellular concretes were consistently 
somewhat lower than those for comparable autoclaved materials. Capillary 
rise and saturation coefficient values were also consistently lower for moist- 
cured materials in the few tests made at NBS. 

Lowest absorption values in Table 6 are no lower than those reported 
for moist-cured lightweight aggregate concretes containing perlite, pumice, 
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or heavier aggregate, and are considerably higher than values reported for 
moist-cured no-fines pumice concretes containing 20 to 35 percent of entrained 
air.!+2-37 

Graf‘ stated that, because of the fineness of pore structure, absorption of 
cellular concrete made by the excess water method is higher than for ma- 
terials in which a foaming or gassing agent was used. 


RESISTANCE TO FREEZING AND THAWING 


Frost-resistance of cellular concretes in structures is greater than might 
be expected from their porosities alone. Where used externally, according 
to the British Building Research Station,** cellular concrete is normally 
protected by stucco. When stuccoed, the gas- or foam-formed pores apparently 
do not become filled with water under normal conditions of exposure. 

Graf‘ stated that laboratory freezing-and-thawing treatments specified 
for other materials in Germany are too severe for cellular concretes, espe- 
cially those made by the excess-water method. While these materials should 
not be expected or required to resist laboratory freezing-and-thawing treat- 
ments employed for pavement concretes, it has been found at NBS that 
moist-cured no-fines concretes of relatively high air content (to 30 percent) 
withstood freezing and thawing better than some nonaerated ordinary con- 
cretes.*7* 

In the case of microporous lightweight materials made with lime and 
excess water, Graft recommends use of a gassing agent to incorporate macro- 
pores into the cell structure and thus improve frost resistance. 


DRYING SHRINKAGE OF CELLULAR CONCRETES 


Drying shrinkage values for various commercial and experimental European 
cellular concretes, and for NBS cellular materials, are listed in Table 7. Some 
of Menzel’s** values for noncellular mixtures are also shown. Both moist- 
cured and autoclaved materials are listed. Materials of similar composition 
from different sources are not necessarily comparable because of differences in 
duration of moist or autoclave curing and in curing temperatures; possible 
differences in fineness and chemical composition of silicas, fly ashes, and 
cements may also account for disparate values, as may also differences in 
size and shape of test specimens. 

Shrinkage of moist-cured materials 

Table 7 indicates that shrinkage of moist-cured neat cement (cellular or 
otherwise) is high—about ten times the values often associated with ordinary 
concrete. For neat cement mixes of very low density, drying occurs rapidly 
at ordinary temperatures and cracking, as shown in the upper half of Fig. 
19, quickly ensues. Some values for cement-pozzolan mixtures cured in 
steam at atmospheric pressure were about the same as for neat cement. 

A European firm® adds cow hairs to low-density mixtures to avoid forma- 


*Air contents of the cement paste constituent of NBS “‘high-air’’ concretes ranged from 45 to 60 percent, so that, 
exclusive of aggregate, porosity of the material was similar to that of many no-aggregate cellular concretes.*’ 
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Fig. 19—Cellular neat cement (6-in. discs). Upper specimens were moist-cured and lower ones 
were autoclaved. Specimens at left weighed — per cu ft (dry) and those at right 30 Ib per cu 


tion of large shrinkage cracks, but shrinkage is not materially reduced by this 
means. 

Moist-cured cement-sand mixtures had shrinkage values ranging from 
0.06 to over 0.3 percent, when dried at ordinary temperatures. The lowest 
values were associated, according to Graf,‘ with the highest densities, and 
according to other literature, with the highest proportions of sand.*>.** When 
compared at the same densities, moist-cured cellular concretes appear to be 
of no lower, and in some cases of higher shrinkage, than similarly cured light- 
weight aggregate concretes.!:?-#7 


High-pressure steam curing markedly improves dimensional stability of 
mixtures containing portland cement, according to Menzel;** 15 hr at 350 F 
reduced drying shrinkage of noncellular cement-pozzolan mixtures to values 
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ranging from '% to \% of those for similar 28-day moist-cured mixtures, de- 
pending upon type, grading, and amount of siliceous material and on the 
character of cement used. The greatest reduction occurred with neat cement. 

It is difficult to compare drying shrinkage data from various sources for 
autoclaved cellular concretes because of different methods of conducting 
tests. Except in England, the practice in Europe appears to be, as“indicated 
in Graf’s* publication, to measure linear shrinkage occurring in a specimen 
after autoclaving and cooling to room temperature, rather than the shrinkage 
from an initially saturated condition. Shrinkage values determined in this 
way by Graf for 1:2 and 1:3 mixtures of cement and silica, ground shale, 
burned shale, and blast-furnace slag, ‘‘after three months’’ were usually 
less than 0.01 percent. Some shale mixtures actually showed expansions up 
to 0.012 percent during the same period. Graf’s tests of lime-silica mixtures 
showed that materials with the lowest lime content increased in length a 
maximum of 0.025 percent and those with the highest lime contents de- 
creased in length a maximum of 0.019 percent. Smaller length changes 
were observed for lime-burned shale mixtures. 

Values for autoclaved materials listed in Table 7 are for shrinkage from a 
saturated condition. When drying is conducted at ordinary temperature and 
humidity the values do not greatly exceed those for ordinary moist-cured 
sand-gravel concrete tested in a similar manner. Shrinkage of these materials 
is particularly dependent upon fineness of the pozzolan, according to Men- 
ae]. *4* 


THERMAL EXPANSION 


Values for the linear coefficient of thermal expansion of Swedish com- 
mercial cellular concrete published in manufacturers’ literature are 3.9 « 10-® 
per deg F for lime-shale material and 4.4 & 10-* per deg F for cement-silic: 
material.??:2> Menzel’s** values for noncellular autoclaved neat cement and 
cement-silica pastes for the range 70 to 140 F averaged 6.5 & 10-* per deg F. 
It may be expected that moist-cured cellular concrete containing sand will 
have thermal expansion coefficients similar to those of dense concrete made 
with aggregate of similar mineral composition, probably in the range of 5 to 
7 X 10° per deg F. 


THERMAL CONDUCTIVITY 


Thermal conductivity values for moist-cured and autoclaved cellular 
concretes tested in the oven-dry condition are given in Fig. 20. These data 
were obtained from 17 different sources, including descriptive literature of 
ten companies in Europe, and publications of Graf, Kudriashev, the British 
Building Research Station, and the NBS. In the range from 20 to 60 lb per 
cu ft, thermal conductivity is a close function of density, despite the many 
sources of data and possibly different types of specimens and test conditions. 
The NBS tests were made by a guarded hot-plate method upon oven-dried 


*For comparative values of shrinkage of autoclaved concrete block dried at 73, 122, and 220 to 235 F, see ACI 
Committee 716’s report “Physical Properties of High-Pressure Steam-Cured Concrete Block,” ACI JournnaL, Apr. 
1953, Proc. V. 49, p. 745. 
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1 x 8 x 8-in. plates of moist-cured neat cement prepared by the mix-foaming 
and aluminum powder methods. These materials had densities of 20 to 55 Ib 
per cu ft and conductivity values close to the curve shown for all NBS data 
on cellular, aerated no-fines, and dense sand-gravel concretes.*? The test 
method has been described by Kluge, Sparks, and Tuma.? 


Ahlstedt’’ compared the effective coefficient of heat transfer of the Swed- 
ish lime-shale cellular concrete for the oven-dry condition, and as used in 
construction as external insulation. Manufacturer’s literature? for the same 
material states that the conductivity increases by 2 percent for each increase in 
density of 1 percent due to added free moisture. Kudriashev® examined 
effects of free water content on thermal conductivity of autoclaved lime- 
silica. mixtures made by the preformed foam process. At ordinary tempera- 
tures, Kudriashev’s data indicated an increase in conductivity of approxi- 
mately 4 percent for each percent increase in density due to moisture; this 
value was virtually constant for dry densities of 31 to 62 lb per cu ft and 
moisture contents, by weight, as high as 30 percent for the heaviest, and 60 
percent for the lightest materials. At sub-freezing temperatures the effect of 
free water on conductivity was more than double that at ordinary tempera- 
ture. Test methods employed were not described. 


FIRE RESISTANCE 


Heat transfer through porous materials is effected by conduction and, at 
high temperatures, by radiation. Heat transfer due to radiation is an in- 
verse function of the number of air-solid interfaces traversed. This fact and 
their relatively low thermal conductivity and diffusivity suggest that cellular 
concretes might possess excellent fire resistance properties. Test results for 
Danish*®* moist-cured and Russian®:?° autoclaved lime-silica materials indi- 
cated fire resistance properties markedly superior to those of ordinary dense 
concrete. 





CELLULAR CONCRETES 


ACOUSTIC PROPERTIES 


Cellular concretes do not appear to possess unique or even significant 
sound insulation characteristics. Transmission loss of air-borne sound through 
single partitions is a function of the mass per unit of wall area.?!  Depart- 
ures from this law cited in sales literature on cellular concrete are admittedly 
small and the practical advantage in selecting this type of material for sound 
insulation alone would appear to be insignificant, according to the British 
Building Research Station. ** 


CONCLUSION 


Moist-cured and autoclaved cellular concretes have been produced com- 
mercially in Europe for about 30 years but are relatively little known in this 
country. Physical properties of these materials listed in European technical 
and sales literature and those determined for mixtures prepared at the Na- 
tional Bureau of Standards are, when due account is taken of differences in 
test methods, generally similar. 


Moist-cured cellular neat cement mixtures having densities of 10 to 20 |b 
per cu ft possess little strength, and drying shrinkage of 0.3 to 0.6 percent, 
but appear to have good thermal insulation properties. Where the function 
of the material is essentially structural, adequacy of cellular neat cement 
appears questionable. Cement content and drying shrinkage of this material 
are undesirably large at densities high enough to produce adequate com- 
pressive strength. 

Some moist-cured mixtures are made with sand, in sufficient amounts to 
reduce shrinkage to a tolerable value but, to attain adequate strength, den- 
sity must be increased to values attained by some lightweight aggregate 
concretes having higher strength, equal or lower shrinkage, and, in certain 
‘ases, superior moisture properties. 

Large advantages in lowered shrinkage and essentially complete strength 
development may be attained in less than one day by autoclave curing, 
particularly if a finely divided siliceous material comprises a major propor- 
tion of a mix. Certain industrial waste dusts abundant in the United States 
are high in silica and alumina; of these materials several fly ashes from coal- 
burning power plants and from kilns producing lightweight aggregates were 
used with portland cement in autoclaved cellular concretes prepared at the 
National Bureau of Standards. These concretes and European products 
made with lime or portland cement and various pozzolans may have, at a 
density of 40 lb per cu ft, compressive strengths of 500 to more than 2000 
psi, flexural strengths of 1/5 to 1/3 of these values, and shrinkages of 0.02 
to 0.10 percent, depending upon the chemical and physical nature of in- 
gredients. 

Autoclaved cellular concretes have greater strength and dimensional sta- 
bility (including lower shrinkage), but also have higher moisture absorp- 
tion, than moist-cured lightweight aggregate concretes of comparable density. 
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Technical problems solved or bypassed in laboratory preparation of cellular 
concrete may prove more troublesome in larger-scale preparation of these 
materials. Unfortunately, the literature does not, and possibly cannot, indicate 
the degree of difficulty that may be met. European organizations engaged in 
successful production of autoclaved products have been understandably 
reluctant to disclose false starts, failures, or obstacles that preceded success. 
Research leading to development of similarly successful cellular products 
in this country must be complete, with little dependence upon other sources 
of informacion. 

Specific problems include the length of curing cycle required, which ap- 
pears to be much longer than those currently used for autoclaved building 
block, and acceleration of solidification of concrete before autoclaving. Other 
problems are identification and elimination of the types of ingredients that 
“ause cracking during autoclaving, that contribute to high shrinkage, and 
that cause efflorescence. Attainment of integral water repellency is a major 
goal. 

Research is needed on the effects of varying the curing cycle of materials of 
different densities, made with different proportions of pozzolans and _ bind- 
ers of various compositicns and finenesses. Comprehensive study of the many 
available fly ashes and other pozzolans is needed. 

Physical properties largely neglected in the extant literature are bond and 
tensile strength, frost resistance, and plastic flow of autoclaved cellular con- 
cretes. Information is needed on the effects of shrinkage when tensile strength, 
elasticity, and plastic flow are taken into account. 
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Flexural Strength of Prestressed Concrete Beams» 


By D. F. BILLETt and J. H. APPLETONtT 


SYNOPSIS 


Analytical and experimental studies on behavior and ultimate flexural 
strength of post-tensioned, end-anchored, bonded, prestressed concrete beams 
are reported. A rational analysis is developed for computing ultimate moment 
and steel stress at failure. Approximate expressions are given for computing 
ultimate steel stress for cases when the stress-strain curve for the steel rein- 
forcement may be approximated by two straight lines. 

Results of tests on 26 rectangular prestressed concrete beams are presented. 
The effect of major variables—percentage of steel, amount of prestress, and 
concrete strength—on deflections, cracking loads, and ultimate loads are 
studied. 

Twenty-one beams failed in flexure, either by crushing of concrete after 
excessive elongation of reinforcement or by crushing of concrete while steel 
stress was in the elastic range. Three beams were nearly balanced between 
shear and flexural failure, and two beams failed initially in bond. Comparisons 
of actual ultimate moments with those computed by analytical expres- 
sions show good agreement. 


INTRODUCTION 


Objects of this investigation were to study flexural behavior, strength, 
and modes of failure of post-tensioned, end-anchored, bonded, prestressed 
concrete beams. Both analytical and experimental work were involved. 
In the analytical phase, equations were developed for computing ultimate 
flexural capacities of prestressed concrete beams. Utilizing these expressions, 
studies were made of the effects of the variables appearing in the equations, 
and on the basis of these studies, the test program was planned so as to cover 
a large range of the more important variables. Tests were made to study 
experimentally the behavior, strength, and modes of failure of prestressed 
concrete beams and also as a means of evaluating empirically certain para- 
meters appearing in the analysis. 

Twenty-six beams, 6 x 12 in. in cross section and 10 ft over-all length, 
were tested with equal loads at the third-points of a 9-ft span. Beam size 
and shape were not selected as scaled dimensions of beams used in practice 
but were chosen to include a large range of the basic variables involved and 
yet be of convenient size for laboratory tests. An outline of the tests is given 
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TABLE 1—OUTLINE OF TESTS: NOMINAL RANGE OF VARIABLES 


Concrete compressive Nominal initial Steel ratio: 
Beams strength at time of test,) tensioning stress, p = A,/bd 
fe’, psi psi 


B2-B8 3000-6000 | 120,000 0.001-0.009 
B9-B14 3500-6300 | 21,000 0.001-0.009 
B15-B19 3300-6200 | 160,000 0.001-0.009 
B20-B27 | 1300-8200 0.003-0. 009 








in Table 1 where beams are arranged into four groups with the nominal 
range of the variables being given for each group. 


TEST SPECIMENS 

Description of beams 

Nominal beam dimensions and loading arrangements are shown in Fig. 1. Beams had 
tension reinforcement only, consisting of from two to fifteen 0.2-in. diameter wires extending 
in a straight line between heavy steel bearing plates at each end of the beam. A hole about 
2 in. high by 3 in. wide, centered either 8 or 9 in. below the top of the beam, provided a channel 
for the reinforcement. After reinforcement was tensioned, the hole was grouted to bond 
the steel and concrete. Except for beams B4—B6, external stirrups were placed at the outer 
thirds of each beam, when required, to prevent shear failures. Beam properties are listed 
in Table 2. 


Materials 


Concrete was made with Type I portland cement, a Wabash River sand having a fineness 
modulus of about 3.2, and a 1 in. maximum size Wabash River gravel. Proportions of the 
concrete mixes by weight ranged from 1: 4.6 : 6.4 to 1: 1.6 : 2.8 with corresponding water- 
cement ratios by weight of 1.09 to 0.39. Slumps ranged from 1% to 7 in. 

Beams were cast in metal forms, removed the next day, and then stored in a fog room 
for six days. At seven days, the beams were removed from the fog room and stored in the 
laboratory until tested at ages ranging from 29 to 120 days, with most specimens tested at 
about 50 days. 

A sand-cement grout used to bond the concrete and steel after the reinforcement was 
tensioned was composed of equal parts of fine beach sand and Type III portland cement, 
and had a water-cement ratio of about 0.50. An aluminum powder admixture, about 0.013 
percent by weight of cement, was added to the grout of all beams to counteract shrinkage. 
Compressive strength of 2 x 4-in. control cylinders made from the grout averaged about 
2800 psi at the time the beams were tested. 

Beam tensile reinforcement was high strength steel wire, cold-drawn, and stress-relieved 
or galvanized. Three types of wire were used. Stress-strain curves to fracture for the 
three types of reinforcement are shown in Fig. 2 where they are designated as types I, II, 
and III. Types I and II were stress-relieved while type III was galvanized, but used with the 
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Fig. 1—Beam dimensions and 
loading arrangement 
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Fig. 2—Stress-strain curves for 
reinforcement 
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zine coating removed. To improve bond characteristics, all wires were allowed to rust 
slightly. Loose rust was removed with a wire brush. Values of tensile strengths; yield 
strengths (0.2 percent offset strain), f,; and other properties of the wires are given in Table 3. 
The modulus of elasticity for the wires as determined by strain measurements in tension 
tests averaged about 30,000,000 psi, and this value was used in all computations. 


Prestressing 

Reinforcement for the beams was tensioned one wire at a time and anchored either by 
hardened chisel-steel nuts on threads cut on each end of the wire or by rivet-like heads cold- 
formed on the,ends of the wires. Stress in each wire was determined by measuring compressive 
strain in calibrated aluminum dynamometers slipped over the end of each wire opposite 
the end at which the wire was tensioned. Dynamometers were 2 in. lengths of 9/16-in. 
aluminum rods with 0.2-in. holes drilled through their centers. 

Three nominal initial tensioning stresses were used: 21,000; 120,000; and 160,000 psi. 
Some prestress losses occurred between prestressing and testing and were attributed principally 
to relaxation of steel reinforcement and creep of concrete. Effective tensioning stresses 
(Table 2) for each beam represent stresses measured by dynamometers at the ends of the 
wires at the start of the test. Average measured losses of tensioning stress during the two 
or three days between prestressing and testing were 1000 psi for average initial prestresses of 
21,000 psi; 4700 psi for average initial prestresses of 120,800 psi; and 9100 psi for average 
initial prestresses of 159,400 psi. 


TEST PROCEDURE 

Loading 

To keep prestress losses to a minimum, beams were tested two or three days after pre- 
stressing and grouting. All beams were tested in a screw-type testing machine and loads 
were measured by an elastic-ring dynamometer. In general, loading consisted of 20 to 30 
increments and required about 4 to 5 hr. All beams were loaded until the compression zone 
was destroyed, and in three cases, until one of the wires fractured after the concrete had 
crushed. 


TABLE 3—PROPERTIES OF WIRE REINFORCEMENT 


Type | Tensile _ Yield strength, f, Elongation in 
Diameter, in. strength, psi | (0.2 percent offset), | 8 in., percent 
psi 


| 
| 
| 
ee — — —| EE 


0.193 209,000 
0.199 218,000 
0.192 206,000 





*Values for wire with galvanizing removed and wire rusted. 
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Measurements : 

Strains in reinforcing wires and on the top surface of the concrete within the constant 
moment portions of the beams were measured with electric strain gages after each increment 
of load. Strains on the sides of the beams in the constant moment region were measured 
with a mechanical gage to determine distribution and depth to the neutral axis at various 
stages of loading. Deflections were observed at midspan and at the third-points at each 
increment of load. 


MODES OF FAILURE 


Prestressed concrete beams may fail initially by excessive elongation of 
reinforcement, by crushing of concrete in the compression zone, by fracture 
of longitudinal reinforcement, by shear or diagonal tension, or by bond. 
This paper is primarily concerned with the first two modes of failure. 

Beams failing initially by excessive elongation of reinforcement are termed 
“‘under-reinforced” and are said to fail initially in tension. Beams failing 
initially by crushing of concrete with the steel still in the elastic range are 
termed “over-reinforced” and are said to fail initially in compression. Final 
failures in both tension and compression appear somewhat similar as shown 
in Fig. 3 which illustrates flexural failure of under- and over-reinforced beams. 
Both under- and over-reinforced beams reach maximum load when concrete 
in the compression zone crushes. However, appearance and behavior of these 
two types of beams are different in many respects at loads below the ultimate 
and will be discussed subsequently in connection with test results. 

At loads approaching failure of an under-reinforced beam, the reinforce- 
ment is stressed into the inelastic range, and with wires having properties 
similar to those shown in Fig. 2, there is only a slight increase in load as the 
beam is deflected further. As a result of excessive elongation of the steel, 
cracks rise so that the compression zone is reduced until the internal com- 
pressive force can no longer be resisted by the concrete under the high strain 
gradient. Concrete generally crushes when extreme fiber strain reaches some 
limiting value ranging from about 0.0032 to 0.0040. Since an under-reinforced 
beam fails after steel enters the inelastic range, beam strength depends 
primarily on strength of the steel. 

At loads approaching failure of an over-reinforced beam, cracks are lower 
than in an under-reinforced beam. As steel stress increases with further load, 
the resulting steel elongation allows cracks to progress higher. Near ultimate 


Fig. 3—Typical flexural failures. Left: under-reinforced beam; right: over-reinforced beam 
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capacity of the beam, cracks cease to rise and in some cases the neutral axis 
drops slightly. Finally a load is reached at which the capacity of the com- 
pression zone can no longer increase to balance increasing tensile force in the 
steel. At this stage flexural capacity is reached, and the compression zone 
crushes when concrete reaches its limiting fiber strain. Since concrete crushes 
when stress in the steel is below yield stress, strength of an over-reinforced 
beam does not depend on tensile or yield strength of reinforcement, but 
primarily on the amount of reinforcement and strength of concrete. 

Three beams tested, B4—B6, failed in shear at loads close to their flexural 
capacity. Two beams, B12 and B20, failed initially in bond, apparently as 
a result of insufficient rusting of the wires prior to fabrication of the beams; 
wires removed from B12 and B20 did not have a coating of firm rust as usually 
was the case. Values for these five beams are included in all tabulations and 
plots for comparison with those failing in flexure. Three beams, B3, B10, 
and B16, which were reinforced with only two wires, were loaded beyond 
maximum load until one of the wires fractured. However, none of the beams 
tested failed by fracture of reinforcement before crushing of concrete. This 
was in agreement with predictions of the analysis for wires having the large 
elongations shown in Fig. 2. 


ANALYSIS OF FLEXURAL STRENGTH 


Analysis developed here for computing ultimate flexural strength of pre- 


stressed concrete beams is based on observed behavior and modes of failure 
discussed in the previous section. It involves certain assumptions which are 
fulfilled or approached in varying degrees by prestressed concrete beams 
failing in flexure. The analysis is quite similar to that used for ordinary 
reinforced concrete beams, and, in fact, reduces to the case for ordinary 
reinforced concrete when terms relating to prestress are omitted. Because 
expressions for ultimate moment of prestressed concrete beams include all 
the basic variables involved, the expressions are somewhat involved. This 
feature of the analysis is necessary to evaluate effects of the many variables 
on flexural capacity. 

Analysis is grouped into two sets of equations; one set involves moment 
derived from equilibrium conditions alone, and the other set involves steel 
stress at failure derived from strain conditions. Two approximate equations 
for ultimate steel stress will be derived for the case where the stress-strain 
curve for the reinforcement is assumed to consist of two straight lines. Further 
simplification should be possible when codes and practice impose limitations 
on the stress-strain properties of the reinforcement. 

There are certain limitations to the analysis in that it is developed for 
rectangular beams with bonded, straight tensile reinforcement. However, 
it is believed that the expressions derived are applicable also to beams of 
other cross sections if the compression area at failure is rectangular. And if 
the location of the steel at the critical section is the same, flexural capacity 
of a beam with curved reinforcement should be the same as that of a beam 
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with straight reinforcement. Beams with compressive reinforcement are not 
considered. 


Assumptions 

The following assumptions are made in developing the analysis. 

1. Linear strain distribution—It is assumed that a linear distribution of 
strains over the depth of the beam exists at all stages of loading. 


2. Bond between concrete and reinforcement—lIt is assumed that changes in 
strain in the concrete at the level of the steel are equal to changes in strain 
in the steel reinforcement. This condition requires that there be perfect 
bond between concrete and steel. 


3. No tension resisted by concrete—It is assumed that tension resisted by 
concrete has a negligible effect on ultimate moment capacity of the beam. 

4. Crushing of concrete at a limiting strain—It is assumed that maximum 
flexural capacity is reached when the concrete crushes at a limiting ultimate 
concrete strain €,. 


5. Stress block of the concrete—It is assumed that magnitude and location 
of the internal compressive force is defined by three parameters, 1, k2, and ks 
(Fig. 4). The first parameter /, is defined as the ratio of average compressive 
stress to the maximum compressive stress of the concrete in the compression 
zone of the beam at ultimate. The third parameter /; is defined as the ratio 
of maximum compressive strength of the concrete in flexure to the cylinder 
strength. Actually k; and k; always appear as the product k, k; which may be 
interpreted as the ratio of the average stress in the compression zone at failure 
to the cylinder strength. The parameter k, is defined as the ratio of the 
depth to the line of action of the resultant compressive force in the com- 
pression zone to the depth to the neutral axis (Fig. 4). 


6. Stress-strain relationship for reinforcement—It is assumed that the stress- 
strain relationship for the steel reinforcement is known. 
Notation 
Where applicable, notation for prestressed concrete as proposed by ACI- 
ASCE Joint Committee 323 is used.* 
A, = total area of tension reinforcement — €. = steel strain due to effective prestress 
b = width of rectangular section és. = ultimate steel strain at location of 
C = total internal compressive force in maximum moment 
concrete at ultimate load (Fig. 4) és, = idealized “yield” point strain (Fig. 2) 
= effective depth of section (Fig. 4) €u = ultimate compressive strain of con- 
modulus of elasticity of steel crete (Fig. 4) 
= slope of inelastic portion of idealized compressive strength of 6 x 12-in. 
stress-strain curve cylinders at time of test 
compressive strain in concrete at ff, modulus of rupture as determined 
level of steel due to effective pre- from 6 x 6 x 18-in. control beams 
stress force (Fig. 4) I, = steel stress 
re strain in concrete adjacent to steel /f,, = ultimate steel stress at location of 
at ultimate moment (Fig. 4) maximum moment 
és = steel strain corresponding to f, fu = idealized “yield” point stress (Fig. 2) 


*Proposed Definitions and Notations for Prestressed Concrete,” ACI Journat, Oct. 1952, Proc. V. 49, p. 85. 
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steel stress due to effective prestress ks; ratio of compressive strength of 
force after deduction of all losses concrete in flexure to cylinder 
such as relaxation of steel, creep strength 
of concrete, shrinkage of concrete, M maximum beam moment due to 
and elastic deformation of concrete applied load 
yield strength at 0.2 percent offset = maximum beam moment at maxi- 
strain mum load, including dead load 
distance from extreme fiber in com- = A,/bd = steel ratio 
pression to neutral axis at ultimate = total load on beam; P/2 at each 
load (Fig. 4) third-point 
C/ksf-’ bk, d, a parameter determin- E, p/f.’, dimensionless parameter 
ing the magnitude of compressive expressing ratio of p to f,’ 
force C (Fig. 4). It is the ratio of = E,p/kiksf.' 
average compressive stress to maxi- = fee p/ki ks f.', effective prestress para- 
mum compressive stress meter 
coefficient determining position of fey P/kiksf.’, “yield” point para- 
internal compressive force C' (Fig. 4) meter 
Moment equations 
Conditions at ultimate load at the critical section are illustrated in Fig. 4. 
The ultimate moment produced by the internal resisting couple is 
Mun = T (d — kakud) = feu phd? (1 — keky) 
where f,, is the steel stress when the beam reaches maximum load. Or by 
dividing by k,k;f.’bd? to obtain a dimensionless form, 
M, vu 
eee ss Cg ep 
kiksf-'bd? = kiksfe 
The ratio k, of depth to the neutral axis to effective depth of the beam 
may be evaluated by equating the tensile force in the reinforcement to the 
compressive force in the concrete and dividing both sides by kik3f.’bd, giving 
Fat y 
aE 2 le 
ky ks fe 
Substituting Eq. (3) into Eq. (2) 
yi, Mur k (1 k k ) 
ki ks fc bd? 0 
Eq. (1) through (4) are valid for all concrete beams in which the conditions 
implied by the stress block in Fig. 4 are met since they were derived using 
only equations of equilibrium. 
In Eq. (4), only k, is needed to compute the ultimate moment. The 
quantity k,, which defines the position of the neutral axis at ultimate load, 
depends on the known or assumed quantities p, kik3, and f.’, and also on the 
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Fig. 4— Assumed strain and stress 
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unknown stress at failure, f,,. Thus, an expression for the steel stress must 
be developed. 


Stress equations 

An expression for k,, and therefore f,,, can be derived from strain con- 
ditions assumed to exist for beams with bonded reinforcement. Strain dis- 
tribution in the concrete at two stages is shown in Fig. 4. In thirst stage 
the effect of prestress only is considered. Strain in the concrete at the level 
of the steel is a compressive strain ¢,. and the steel strain is ¢,., corresponding 
to the effective tensioning stress f,.. As load is applied to the beam, concrete 
strain at the level of the steel decreases until it becomes zero; at this load 
strain in the steel is e,. + €e. The second stage refers to strain distribution 
at ultimate load. Concrete strain at the top of the beam is the compressive 
limiting strain e,, and strain in the concrete adjacent to the steel is ¢.,. Thus, 
total strain in the steel at ultimate load e,,, may be defined by the sum of 
three strains, steel strain due to prestress plus changes between prestressing 
and ultimate load. 

€su = €se t+ Eco + Ecy eae op ere: ; . (5) 
Since it is assumed that there is a linear distribution of strain over the depth 
of the beam, e,, may be related to e, by 

e. (1 — ky) 
ky 

Substituting Eq. (6) into Eq. (5) 


coun = 


€u 


Cou = ce + €ce + . a9 


u 


Solving Eq. (7) for k, and equating to Eq. (3) 

kb, = Jun a =- = ; 

ky ks f. €oun — Cos — Ceo TH Ex 

For a given beam, p/kik3f.’ and e, are known and ¢,. and €-¢ may be com- 
puted from known properties of the beam and reinforcement. Eq. (8) relates 
steel stress at ultimate load f,, to steel strain at ultimate load e,,. Another 
relationship between steel stress and steel strain is the stress-strain curve. 
Thus, steel stress at failure may be obtained by use of these two relations. 
Steel stress at ultimate load may be obtained by a trial-and-error procedure 
using Eq. (8) and the stress-strain curve or by a graphical procedure. The 
trial-and-error solution is accomplished by assuming f,,, and then computing 
é,, from a modification of Eq. (8). By means of the stress-strain curve, it 
can be determined whether this strain agrees with the assumed stress; if not, 
the process is repeated until agreement is obtained. 


The graphical solution is obtained by plotting a modification of Eq. (8) 
directly on the stress-strain curve as in Fig. 5, where several solutions are 
shown for various values of E,p/k)k3f. = Q’ and for an effective tensioning 
stress of 116,000 psi. The term £,p/kik;f.’ is a convenient means of express- 
ing in a dimensionless form the quantity p/kiksf.’ which appears in Eq. (8). 
Intersection of the stress-strain curve with the modification of Eq. (8) plotted 
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in Fig. 5 is the only point satisfying the two relationships between stress 
and strain and thus yields the desired value f,,. Several quantities, all proper- 
ties of a particular beam, were selected for the construction of Fig. 5 and 
are listed there. In addition, a relationship used for computing e,. is given 
which is approximate but gives values of ¢.. that compare closely with those 
computed for rectangular beams using properties of the uncracked section. 

Eq. (8) is general and can be used with reinforcement having widely varying 
stress-strain properties. In some cases, stress-strain curves for steel rein- 
forcement can be approximated without serious error by two straight lines 
having slopes EZ, and aE, as shown in Fig. 2.. Two expressions can be written 
to define this idealized stress-strain curve. Ultimate steel stress or the 
parameter k, can then be found directly by substituting the appropriate 
equation for the stress-strain curve in Eq. (8) and solving for k,. This leads 
to two equations, one for over-reinforced beams in which steel stress at 
ultimate load is less than the idealized “yield point,” f., (Fig. 2), and one 
for under-reinforced beams in which steel stress at ultimate load is greater 
than f,, and is in the inelastic range. 

1. Over-reinforced beams—If the ultimate steel stress is less than the 
idealized “yield point,” the relationship between steel strain and steel stress 
is ¢, = f,/E,. Thus, f,./E, and f,./E, may be substituted for ¢,, and €., re- 
spectively, in Eq. (8). If these substitutions are made, and both numerator 
and denominator of the right hand side of the resulting expression are multi- 
plied by E,p/k, k; f.’ a quadratic equation is obtained which yields the follow- 
ing expression for k,,: 
fou P l 


k, = =P A 
ky ks fe 2 


(ge’ — Q’eu + Q’ece) + \ 4 (ge’ — Q’eu + Q'ece)? + Q’eu ... . (8a) 
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where gq.’ = fee p/kiksf.’. If the prestress is zero, Eq. (8a) reduces to the 
form for ordinary reinforced concrete beams. 


2. Under-reinforced beams—lIf the ultimate steel stress is greater than the 


idealized “yield point” f.,, the relationship between steel strain and steel 
stress is és. = fey/Es + (feu — fey)/aEHs,. This expression may be substi- 
tuted for ¢,, in Eq. (8), and if f,, is less than f.,, fse/H, may be substituted for 
és. If both numerator and denominator of the resulting expression are 
multiplied by E, p/kiksf.’, the quadratic equation obtained yields the 
following expression for k,: 


Sou P 1 


= = i 3 ty a ais ‘al ¢ ‘de ( , " a 
ky ks fe Ak + a (q q “] + Qe J t 


| 1 : 
\ ‘4 E +a (qe an; q' sy a Qe. t | + @ Qeu ties Nig 
where W's = Sun p/ky k3 fi’. 


By use of moment Eq. (1), (2), or (4), and stress Eq. (8), (8a), or (8b), 
the ultimate:moment may be computed. If the ultimate moment for a 
particular beam is to be computed, Eq. (1) and the appropriate stress equation 
should be used. For presenting test results and making analytical compari- 
sons, the dimensionless form of the moment equation, Eq. (4), is most con- 
venient because results for all beams with similar cross sections, the same 
type of steel, and the same prestress will fall on the same curve when 
Muu/kiksf-’ bd* is plotted against Q’. This is done in Fig. 6 which shows 
a comparison of moments computed by Eq. (4) and (8) with those computed 
by Eq. (4) and (8a) or (8b). Additional quantities used in constructing the 
curves are given in Fig. 6. For values of Q’ less than about 55, the dashed 
curve computed by Eq. (8b) for under-reinforced beams compares favorably 
with the solid curve computed by Eq. (8) and the actual stress-strain curve. 
The remaining portion of this dashed curve and the dashed curve using 
Eq. (8a) compare less favorably because they represent moments correspond- 
ing to steel stresses in the “knee’’ of the stress-strain curve in Fig. 2, where 
agreement between “idealized’”’ and actual stress-strain curves is poorest. 
This emphasizes the fact that use of the idealized stress-strain curve leads to 
T ] T ] 
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approximate equations and that the degree of approximation depends on 
agreement between actual and idealized stress-strain curves. 

In all equations in this paper involving strains, absolute values of the 
strains should be inserted, since algebraic signs of the strains were considered 
in developing the equations. 


EFFECT OF VARIATION OF SEVERAL PARAMETERS ON FLEXURAL CAPACITY 


Major variables appearing in the equations for ultimate moment are 
p, fe’, fee, and beam dimensions. In addition, parameters ki ks, ko, and e., 
relating to the compressive stress block, appear in the equations. In this 
section the effect of large variations of these parameters on the relation 
between M,,, and Q’ is discussed. 


Effect of k. 

The magnitude of parameter k. which defines the location of the resultant 
of the internal compressive force depends only on the shape of the stress 
block. It is 44 for a triangular and 4 for a rectangular distribution. Fig. 7a 
shows the effects of variations of k, from 144 to 4% on moment capacity. It 
can be seen that ultimate moments of beams with high values of Q’ are affected 
to some extent by variations in k, over this extreme range from 14 to 1; 
however, actual variation of k, is probably much less than the range shown, 
so the effect of variations in k, on ultimate moment should be small. Since 
it was not possible to evaluate k. from test results, an average value of 0.42 
was used. 

Effect of k, k; 

In the tests reported herein, values of k, k; varying from about 0.75 to 
1.25 were obtained. This range has been used in Fig. 7b to illustrate the 
effects of variations in k, ks on moment capacity. In Fig. 7b abscissas are 
values of Q = E,p/f.’. In all other figures values of Q’ have been used as 
abscissas. It can be seen that ultimate moment is very sensitive to variations 
in ky ks. 

The value of kik; was evaluated from test data for each beam tested. 
Depth to the neutral axis was determined at maximum load from strain 
measurements, made at four levels over the depth of the beam, and the 
compressive force at maximum load was determined using a value of k, = 
0.42. Then ki ks f.’ was computed by dividing the compressive force by the 
compressive area at ultimate load. Results obtained are plotted against 
concrete strength in Fig. 8a. Studies of test data indicated that concrete 
strength was the only quantity with which k,k; varied consistently. 
Accordingly, in Fig. 8a an empirical relation was fitted to the data and used 
in construction of all plots except Fig. 7b. It should be emphasized that this 
particular relation for k; k; was determined for beams of the same shape, 
size, and manner of loading, and that these and other factors may influence 
k, ks for a particular concrete strength. In addition, it is evident from Fig. 
8a that the empirical relationship between kk; and f.’ will not necessarily 
be valid for concrete strengths below 3000 psi. 
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Fig. 7—Effect of parameters k, and k; ks, and 

ultimate compressive strain of concrete «, on 

moment capacity. (a) Effect of k», (b) effect 
of k; ks, and (c) effect of «. 





Effect of «. 

Values of ultimate concrete strain varying from about 0.0028 to 0.0040 
were observed in the beam tests. This range has been used in Fig. 7e to 
illustrate effects of variations in ¢«, on moment capacity. Ultimate flexural 
capacity seems to be rather insensitive to variations of e,. However, test 
observations indicated that ultimate deflections of the beams were affected 
to a greater extent by variations of €,. 


Average concrete strains measured in the region of pure flexure at maximum 
load have been plotted against concrete strength in Fig. 8b for all beams 
which failed in flexure. There seems to be a slight decrease in e, as concrete 
strength increases, but this trend is probably within the scatter of the data. 
Consequently, a constant value of 0.0034 has been used for e, in all studies 
except those shown in Fig. 7c. 
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Fig. 8—Measured values of k; k; and «.. (a) Values of k, ks and (b) values of «, 
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TEST RESULTS AND OBSERVATIONS 
Deflections 


Behavior of all beams was nearly the same until the cracking load was 
reached. The cracking load and load-deflection characteristics after cracking 
depended on whether the heams were under- or over-reinforced and also on 
the magnitude of prestress. In interpreting test results, an arbitrary dis- 
tinction between under- and over-reinforced beams was made. Those beams 
which had computed steel stresses at failure greater than 0.2 percent offset 
yield strength were designated as under-reinforced; those with steel stresses 
at failure less than yield strength were designated as over-reinforced. Actually, 
as far as behavior and strength are concerned, there is no sharp transition be- 
tween under- and over-reinforced beams. 

As shown by Eq. (8), ultimate steel stress is primarily dependent on the 
value of p/kiksf.’. Thus, steel strain and consequently deflections at 
maximum load are also dependent on the magnitude of p/ki k;f.’. The 
effect of this ratio on deflections is shown in Fig. 9, where measured values 
of midspan deflection at three loading stages are plotted against E, p/kik;f.’ 
for the 15 beams with a nominal effective tensioning stress of 116,000 psi. 
The three stages for which deflections are shown are maximum load, load at 
which measured steel strains indicated a steel stress equal to 0.2 percent 
offset yield strength, and cracking load. 

Fig. 9 shows that deflections at maximum load tend to decrease as Q’ is in- 
creased, while deflections at “‘yield’”’ and at cracking increase as Q’ is increased. 
There is also a decrease in deflection at maximum load when Q’ becomes small. 
This is due to the fact that in beams with small percentages of steel, and con- 
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Fig. 9—Effect of Q’ on deflections 
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sequently small values of Q’, only one or two cracks develop prior to failure 
and the deflections are therefore smaller than for beams with several well 
distributed cracks. For beams with values of Q’ equal to about 20, which is 
a representative value for many beams that have been constructed, deflection 
at maximum load was about twice the deflection at ‘‘yield.”” For beams with 
values of Q’ equal to about 50, which is approximately the dividing line be- 
tween under- and over-reinforced beams in these tests, the ‘‘yield’’ load and 
the maximum load coincide, and there is no reserve of strength or deflection 
between them. All deflections plotted to the right of Q’ equal to about 50 
represent deflections of over-reinforced beams which failed at a steel stress 
less than the yield strength and consequently developed relatively small 
deflections at maximum load. 

Shapes of the load-deflection curves were found to be considerably different 
for beams having different amounts of prestress. Up to the cracking load, 
which increased as the prestress was increased, all beams acted as elastic 
rectangular beams. After cracking, deflection depended on Q’ (Fig. 9) and 
on the prestress as shown in Fig. 10 where deflection curves are plotted for 
beams B9, B5, and B15, having effective prestresses of 19,100; 114,100; and 
150,000 psi, respectively. These beams were typical under-reinforced beams 
having a Q’ of about 27. Since their ultimate loads were not the same, de- 
flections are plotted against the ratio of the applied load P to the ultimate 
load Pmaz to facilitate comparisons. 

In Fig. 10, ratios of applied load at cracking to ultimate load were 0.24, 
0.51, and 0.60 for beams B9, B5, and B15, respectively. After cracking, 
load-deflection curves for the beams with effective prestresses of 150,000 
and 114,100 psi deviated in a more gradual curve from the initial straight 
portion than that for the beam with a prestress of 19,100 psi. In general, 
the results shown in Fig. 10 are typical of those observed in tests. For beams 
otherwise similar, deflections at any load after cracking decreased as prestress 
was increased. 
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Comparison of measured and computed cracking moments 

Throughout the tests an attempt was made to observe the load at which 
first cracking occurred. Although in beams with low prestresses or small 
steel percentages, there was a sudden increase in deflection and usually a 
slight drop in measured load when cracking occurred, these phenomena were 
not observed in the other beams. Therefore, observed cracking moments 
reported in Table 2 are moments corresponding to the load at which first 
cracking was visually observed. A comparison of measured and computed 
cracking moments is given in Table 2. Computations for cracking moments 
were made using properties of the net concrete section (grout hole deducted). 
Concrete was assumed to crack when tensile stress in the bottom fiber was 
computed to be equal to the modulus of rupture obtained from tests on 
6 x 6-in. control beams loaded at the third-points of an 18-in. span (Table 2). 
In general, agreement between measured and computed cracking moments 
was good. If the abnormally low value for B10 is ignored, the average ratio 
of measured to computed cracking moments is 1.01 with a mean deviation 
from this average of 0.08. No value for cracking moment is listed for B26 
because this beam was accidentally cracked before testing. 


Comparison of measured and computed ultimate moments 

In Fig. lla and 11b, measured values of Myu/kiksf.’ bd? are plotted 
against @’ (E, p/kiksf.’) for the 23 beams having types I and II wire. The 
solid line in Fig. 1la represents the relation between M,1./k; k3f.’ bd? and Q’ 
for beams with an effective tensioning stress of 20,000 psi and it was con- 
structed using Eq. (4) and (8). The dashed line in Fig. lla represents the 
same relation for beams having an effective tensioning stress of 150,000 psi. 
The solid line in Fig. 11b is for beams having an effective tensioning stress 
of 116,000 psi. Effective tensioning stresses used in constructing the curves 
were approximately equal to average measured values for the beams tested. 
In addition, values of «, = 0.0034, k2 = 0.42, and the empirical relation 
between k, k; and f.’ shown in Fig. 8a were used in constructing Fig. lla 
and 11lb. A point is marked on each curve corresponding to the value of 
Q’ for which computed steel stress at failure is equal to 0.2 percent offset 
yield strength; thus, beams to the right of this point are over-reinforced and 
those to the left are under-reinforced. Measured moments have been plotted 





























(a) 
Fig. 11—Comparison of measured and computed ultimate moments 
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in Fig. lla, using solid circles for beams with an average effective prestress 
of 150,000 psi and open circles for beams with an average effective prestress 
of 20,000 psi; in Fig. 11b, solid circles are plotted for beams with an average 
effective prestress of 116,000 psi. 


In both Fig. lla and 1lb, agreement between measured and computed 
ultimate moments is good. The largest deviations are for beams with the 
largest values of Q’. This is to be expected since ultimate moments for beams 
with large values of Q’ depend primarily on the properties of concrete. A 
comparison of measured-and computed ultimate moments is also made in 
Table 2 where values of measured and computed moments are given for each 
beam. The average ratio of measured to computed moment for all beams, 
except B12 and B20 which failed initially in bond, is 1.00, and mean devi- 
ation from this average is 0.03. The general agreement of measured and 
computed vaiues of ultimate moment as reflected in Fig. 11 and Table 2 
suggests that assumptions made in deriving analytical expressions for com- 
puting ultimate moments, such as failure by crushing of concrete at a limiting 
strain, linear strain distribution, and no tension resisted by concrete, are 
valid within the range of variables used and types of specimens tested. 


Fig. lla and 11b may also be used to illustrate the effect of p or f.’ alone 
on ultimate moment capacity. If p alone is increased, the abscissa FE, p/k; k; f.’ 
is increased in direct proportion and the ultimate moment is increased by 


the same percentage as M,../ki k3f.’ bd?. If ki ks f.’ alone is increased, E, p/k, 
k;f.’ decreases, and M,u/k, k;f.’ bd? decreases. However, the net effect is 
an increase in M,,,, since M,, is obtained by multiplying the ordinate to the 
curve by ki k;f.’ bd*. If the relationship between M,../kiksf.’ bd? and Q’ 
were linear, there would be no change in M,,,, when f.’ is changed; but since 
the curves in Fig. lla and 11b are concave downward, an increase in k, k; f.’ 
always produces an increase in M,,,,. However, percentage increase in M,, 
due to an increase in concrete strength is not as great as the increase in M,,,, 
resulting from an increase in p of the same proportion except when Q’ is 
large and well into the range of over-reinforced beams. 


Effect of the magnitude of the effective tensioning stress on ultimate 
moment capacity of prestressed concrete beams is shown in Fig. lla where 
both measured and computed values of M,1./ki k3f.’ bd? are shown for beams 
with average effective tensioning stresses of 20,000 and 150,000 psi. Com- 
puted curves for these two prestresses almost coincide for values of Q’ up to 
about 40, which is the upper limit of Q’ for under-reinforced beams with 
a prestress of 20,000 psi. Thus, in the range of under-reinforced beams, 
effect of prestress on ultimate moment capacity is small. This is to be ex- 
pected of beams having steel reinforcement with stress-strain properties 
similar to those shown in Fig. 2. Moment capacity of beams reinforced with 
wires having stress-strain curves with steeper slopes in the inelastic portion 
of the curve would exhibit a greater sensitivity to the magnitude of prestress. 
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CONCLUSIONS 


Major conclusions are as follows: 


1. Agreement between measured and computed ultimate moments indicates 
that the analytical] expressions developed, containing empirical coefficients 
derived from tests, will satisfactorily predict ultimate flexural capacity of 
rectangular, bonded prestressed concrete beams failing in flexure. It should be 
emphasized, however, that bond and shear failures may occur, either of which 
will result in an ultimate load less than the computed flexural capacity. 


2. Both test results and analyses show that for under-reinforced beams 
the effective tensioning stress has practically no effect on ultimate flexural 
capacity, but that increasing the prestress increases flexural capacity of over- 
reinforced beams. 

3. Magnitude of Q’ = E, p/k, kf.’ has a large effect on ultimate deflection. 
As Q’ is increased, deflection at ultimate load is decreased. Test results also 
show that deflection at any stage of loading is decreased as the prestress force 
in otherwise similar beams is increased. 


4. Comparisons of measured and computed cracking loads indicate that 
the cracking load may be satisfactorily taken as that load at which tensile 
stress in the bottom fiber is computed to be equal to the modulus of rupture. 
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A 50th Anniversary Feature 


Notable Concrete Structures 


... Uld and New 


“The final test of progressive knowledge 
in the field of construction is the 
structure” 


In commemoration of the 50th anni- 

versary of the American Concrete 

Institute, the AC] JOURNAL presents 

® the fifth of a series illustrating concrete 
Courtesy National Slag Assn. 

structures around the world. 
One of the first bridges constructed using 
blast furnace slag as the coarse aggregate— 
railroad bridge built in 1900 on the main 
line of Central New Jersey Railroad, 
Northampton, Pa. 


Courtesy Parsons, Brinckerhoff, Hall & Macdonald 


More than 3 miles of the concrete trestle spans of the 15-mile Lower 
Tampa Bay Crossing for Florida State Road Department are of pre- 
cast prestressed construction. There are 363 simple spans of 48 ft 
each. Each span is made up of six precast and prestressed beams, 
using Lee-McCall system, supporting a cast-in-place deck slab. 
Engineers—Parsons, Brinckerhof, Hall & Macdonald. Contract 
plans developed by Preload Co., Inc. Contractor—Hardaway 
Contracting Co.; subcontractor for special operations—Preload 
Construction Corp. 
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NOTABLE CONCRETE STRUCTURES 


Courtesy Chambre Syndicale des Constructeurs en Ciment Arme de France (Paris) 


One of the earliest applications of mechanical vibration in placing concrete was that used 

in building the dirigible hangars at Orly, France, 1921-1924. Utilizing a system of corrugated 

arches—40 corrugations 10 to 18 ft deep—the hangars had a span of about 295 ft, a rise of 

about 195 ft, and were approximately 984 ft long. Engineer—E. Freyssinet. Contractor— 
Entreprises Limousin 
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Terminal building for St. Louis Municipal Airport will have a 450 x 120 ft concourse roofed by 

pairs of intersecting thin-shell barrel arches springing at floor level. Each vault will rise 32 ft 

above the passenger-level floor. Architects—Hellmuth, Yamaski & Leinweber. Structural 

engineer—William C. E. Becker. Consulting engineers for design and construction of roof 
structure—Roberts & Schaefer Co. 


Courtesy Associacao Brasileira de Cimento Portland (Sao Paulo) 


Modern highway and railroad bridge built in 1951, the Presidente Dutra Bridge over the 
Paraguai River, Mato Grosso, Brazil, is 2009 m long. Engineer—G. Saharov 


Continued on p, 868 
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Disc. 50-49 


Discussion of a paper by D. F. Billet and J. H. Appleton: 


Flexural Strength of Prestressed Concrete Beams* 


By P. W. ABELES, STEPHEN REVESZ, and AUTHORS 


By P. W. ABELEST 


On his visit to Urbana in 1952 the writer had an opportunity of seeing 
particulars of the tests and discussing with the authors their investigations. 
Their intention was to provide general equations for the analysis of the 
ultimate load conditions of under-reinforced and over-reinforced prestressed 
concrete beams with bonded steel. The writer expresses full agreement with 
the authors’ general description of the modes of failure and their second 
conclusion. However, there are a number of other points which indicate 
that the test results refer to a special type of beam with somewhat limited 
bond resistance and thus differ from the behavior of prestressed concrete 
beams with well bonded wires, as always occurs with pre-tensioned pre- 
stressing steel and sometimes with well-bonded post-tensioned cables. With 
pre-tensioning, good bond is essential to avoid noticeable slip; otherwise the 
structure could not be considered properly prestressed. With post-tensioning, 
where good bond is preferable but not essential, bond can be ensured only 
if there is sufficient space to inject the grout and the latter has sufficient 
strength. 


During the last 10 years the writer has carried out many failure tests on 
prestressed beams with pre-tensioned wires'> and has also investigated 
beam tests on post-tensioned steel. These investigations have indicated 
somewhat different results with regard to failure conditions. The tests 
described in references 1 to 5, as well as numerous acceptance tests, have 
shown also some difference with regard to cracking as compared with the 
authors’ description. This may be explained from the properties of their 
test specimens. According to Fig. 1 the specimens contained post-tensioned 
wires in a sufficiently large duct to allow satisfactory grouting; but the loading 
tests were carried out 2 to 3 days after grouting, that is, at an age when the 
strength of the grout was relatively low. Although, as reported, the test 
results indicated that all portions of the previously rusted wires were bonded, 
it is impossible that, in view of the limited concrete strength, this bond could 
have been so effective as if the test had taken place later when the grout 
had obtained greater strength. 


*ACI JournaL, June 1954, Proc. V. 50, p. 837. Disc. 50-49 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
tConsulting Engineer, London, England. 
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First the question of cracking may be discussed. It is important to dis- 
tinguish between microscopic and visible cracking. Prof. R. H. Evans has 
found microscopic cracks 1/15,000 in. wide long before they became visible.’ 
The writer recently had an opportunity of noticing apparent microscopic 
cracks from electric strain gage readings obtained for pre-tensioned wires 
in tests being made by the research department of British Railways. In this 
case it appeared that microscopic cracks occurred at a concrete tensile stress 
of 550 psi while visible cracks did not develop before a stress of approximately 
1100 psi. From the writer’s publications'® it is seen that in prestressed 
beams and slabs with well distributed pre-tensioned wires, visible cracking 
occurred at a concrete tensile stress of approximately 1000 to 1100 psi for 
a concrete of a cube strength of 6500 to 9000 psi, corresponding to a cylinder 
strength of about 4000 to 7500 psi. However, with beams in which the 
tensioned steel is not located close to the tensile fiber but concentrated in 
cables, cracks will become visible at a somewhat lower tensile stress, that is, 
at 850 to 1000 psi. In the authors’ tests much lower values were obtained. 
If the test results are compared for 4000 to 7500 psi concrete cylinder strengths, 
the tensile stress at cracking varies between 565 psi for beam B18 and 809 
psi for beam B21. It would be interesting to know whether these values 
relate to microscopic cracks obtained from strain gage readings (for which 
they are relatively high) or to visible cracking (for which they are relatively 
low). 

The writer was greatly interested in the fourth conclusion which indicates 
that good agreement was obtained between the cracking stress and the modulus 
of rupture for two-point loads on a prism 6 x 6 in. of 18-in. span. Generally, 
modulus of rupture tests on different sizes of specimens with different 
loadings show great discrepancies between individual results. However, they 
are only arbitrary values for an assumed stress distribution; for example, 
in all the cases described in references 1 to 5 the modulus of rupture varied 
between 700 and 900 psi, though visible cracking did not occur before a stress 
of 1000 psi. In this case the specimens were 4 x 4 x 16 in. with a point load 
at the center. 

It would appear that in the authors’ tests such good agreement was 
obtained by the coincidence that both test beams and specimens for modulus 
of rupture were 6 in. wide. If the qualities of concrete with cylinder strengths 
between 5000 and 8200 psi are considered, the ratios vary between 7.03 and 
13.55. This differs greatly from the figures given by Price,* where the ratios 
for these strength values are stated as varying between 7.4 and 8.6; that is, 
the modulus of rupture, corresponding to a cylinder strength of 5000 psi, 
is 675 psi and that of 8000 psi, 930 psi. In Table 2, however, the highest 
modulus of rupture of 805 psi relates to a concrete of 5650 psi cylinder strength, 
while the concrete of the highest cylinder strength (8200 psi) has a modulus 
of rupture of only 605 psi. The writer would be obliged if the authors 
would give an explanation as to how these variations were obtained. 
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With regard to the cracking load, it may be added that several hundred 
acceptance tests were made by the civil engineering department, British 
Railways Eastern Region, on precast prestressed beams 12 to 102 ft long. 
The acceptance load corresponded to a concrete tensile stress of 750 to 800 
psi for pre-tensioning and 650 psi for post-tensioning. No cracks occurred 
under this loading except for a few individual instances apparently due to 
manufacturing faults. In one particular instance the test load corresponding 
to a tensile stress of 775 psi was sustained for 30 days, during which time 
the deflection increased but no visible cracks developed. When comparing 
this with the authors’ tests there are quite a number of cases where cracking 
took place below a stress of 650 psi, which would correspond to successful 
acceptance tests on prestressed beams 78 to 102 ft long with post-tensioned 
well bonded cables. 

With regard to ultimate load conditions, two approaches are shown by the 
authors, that is, stress relationship in Eq. (1) to (4) and strain considerations 
in Eq. (5) to (8). The combination of these two groups of equations is, 
however, justified only if the strain ¢,,, which is assumed to correspond to 
the ultimate steel stress f, 1, represents the real maximum strain in the steel 
at failure. When the bond is destroyed between the cracks at failure the 
strain ¢,, will equal the maximum steel strain. However, if the steel is well 
bonded to the concrete, the bond is destroyed only in the immediate neighbor- 
hood of the cracks, and nobody has been able so far to measure the steel 
strain in a crack. Consequently, the strain conditions of well bonded steel 
are entirely unknown, while those of less well bonded wires apparently agree 
well, as the authors’ tests have proved. 

In reference 6 the writer investigated a great number of test results on the 
following simple approximation, based solely on strength properties of the 
materials, the strain relations being disregarded entirely. Fig. A shows an 
adjustment of the basic stress distribution to the authors’ Fig. 4, where 
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ky = 1, ke = %, and ks = 1, and thus the maximum possible is obtained, 
which can be achieved only if there is excellent bond. Otherwise reduction 
factors have to be considered. The writer has used the following equations: 
bd? 
Muu = p (1 — vp) i007" ult = 2 vp (1 — vp) bd? f,’ 


where f, «1: is the actual tensile strength of the steel, p = (100 A,)/bd the 
percentage, and the strength ratio v = f, u1:/(200f.’). This results in k, = 2 up. 
It was considered a safe assumption to limit k, by % to obtain a balanced 
design, resulting in Mynoz = % (bd? f.’). This corresponds to a limit 
percentage for balanced design of 


The main difference between these formulas and those of the authors’ is 
that here the ultimate strength of the steel is taken into account and not the 
stress f,., corresponding to the maximum strain e¢,,, as suggested by the authors. 


Fig. B shows test results investigated by the writer in reference 6, indicating 
the value J which is the ratio between the actual failure load bending moment 
and the value calculated according to the above formulas. J also represents 
the ratio between calculated steel stress and steel strength. All these test 
results are plotted for ratios of percentages p/p, that is, the ratio of the 
percentage to that for balanced design. It is seen that almost all values 
are above the theoretical line J = 1 for p/p S 1. There are only a few test 
results of nonbonded specimens with results of J < 1, which was expected, 
when the steel can elongate over the entire length. A single result of Swiss 
tests (No. VI) shown in Fig. B differs from the great number of all other 
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Fig. B—Comparison of actual and computed failure bending moment for various tests (see Fig. 7 
of reference 6) 
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tests and this test result ought to be excluded. There are two tests relating 
to nonprestressed concrete beams which are denoted by ORC (ordinary 
reinforced concrete). 

In view of the excellent agreement of the practical use of the above safe 
formulas with numerous test results, it appears of interest to investigate 
how this would apply to the authors’ tests. All specimens in which failure 
occurred due to shear or bond have been excluded and the investigation has 
been limited to beams in which the cylinder strength was not less than 4000 
psi, since concrete of lower strength was not among the specimens investigated 
in reference 6. 

The computed ultimate bending moments are, except for beam B2, ap- 
preciably higher than the actual failure moments, as seen from Table A. 
Only beam B27 approaches balanced design, while all other beams appear 
under-reinforced. In these circumstances it is surprising that beams B23 
and B24, for which the ratios of percentage p/p were as low as 0.571 and 
0.602, respectively, are listed in the authors’ Table 2 for mode of failure 
T-C (tension and compression simultaneously). The same applies to beams 
B18 and B19, for which the respective ratios of percentage are higher (0.758 
and 0.674). Beam B7 is marked as having failed in compression only, and in 
this case the percentage ratio computed is 0.826, which approaches the value 1. 
In all these beams the prestress was high so that early failure would not 
have been expected due to reduced prestress in accordance with the authors’ 
second conclusion. This shows that other causes must have affected the 
mode of failure, e.g., the limited bond resistance of the grout. This may apply 
to beams B7, B18, B19, and B27, for which the ratio p/p is between 2/3 and 
1, but it is difficult to understand how the mode of compression failure could 
have occurred with beams B23 and B24 with respective percentage ratios as 
low as 0.571 and 0.602. Only beam B2 shows a good agreement between 
measured failure moment and that computed according to the writer’s 
equations. 

There is another point which the writer cannot quite understand. He 
had assumed that with k; = 1 and k; = 1, the optimum possible is obtained, 
and this is taken into account in his formulas. The factor k; governs the shape 
of the stress block and this cannot be greater than a rectangle with k,; = 1, 
while the factor k; = 1 indicates that the maximum stress equals the cylinder 
strength. However, the authors write that values varying from 0.75 to 1.25 
were obtained; and in Fig. 8a a value as high as 1.55 is indicated, though for 
a concrete of a strength of approximately 1300 psi (apparently beam B26); 
and for a concrete of strength about 3300 psi a value of approximately 1.15 
is plotted for kik3;. This would mean that the concrete stress was in excess 
of the strength. How do the authors explain this? 


The writer recently obtained strain measurements at failure of prestressed 
beams 8 x 12 in. with six pre-tensioned wires 0.276 in. in diameter of a strength 
of 214,000 psi in the tensile zone. The ultimate bending moments of two 
such beams were 67.7 and 68.8 kips-ft and after large deformation compressive 
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TABLE A—TEST RESULTS OF SOME BEAMS AS COMPARED WITH 
APPROXIMATION FORMULAS 
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failure occurred with subsequent fracture of the steel. The writer’s formulas 
of approximation agree well with k; = 1, while the maximum steel strain 
€,, according to Eq. (5) of the authors’ paper obtained from strain measure- 
ments amounted to approximately 1 percent, which in turn corresponded 
to 90 percent of the strength, while in fact the entire strength was reached. 
In this connection it may be mentioned that in some cases the calculated 
steel stress may even exceed the tensile strength of the steel; this can be seen 
from Fig. B for specimens in which J > 1. The writer agrees with the authors’ 
assumption No. 3 that no tension is resisted by the concrete. However, 
due to good bond the necking of the steel may be reduced within the crack, 
and thus it is possible that in such a case the ultimate force in the steel is 
greater than that which would occur in the event of ordinary necking. This 
excess in strength can be taken into account by considering a partial co- 
operation of the concrete tensile zone.® 

Concluding, the writer would like to point out that the authors’ formulas 
appear to be in good agreement with their test results and would therefore 
be of great use in analyzing tests on prestressed beams of similar kind with 
limited bond resistance of the grout. However, as far as pre-tensioning 
applies, or in some instances also for post-tensioning with good bond due to 
perfect grouting, the stress formulas shown by the writer give a much 
better agreement. The difference may be appreciable, as seen from Table 
A, and it should be possible to obtain a better agreement than that, even if 
it is not so close as that shown in Table 2 of the authors’ paper. All this 
obviously relates to bonded steel. The conditions differ further for non- 
bonded steel. Thus, in fact, three different possibilities must be considered 
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from which the authors’ investigations apparently relate to the intermediate 
case of bond of limited efficiency. 
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Concrete and Constructional Engineering 


By STEPHEN REVESZ* 


It is stated by the authors that the investigation ralates to post-tensioned, 
end-anchored, bonded, prestressed beams. While such a formidable desig- 
nation of a particular type of prestressed beam may be desirable from the 
point of view of precision, it is usual to refer to this class of beam as grouted 
post-tensioned beam. The word bonded is usually associated with fully 
bonded or pre-tensioned beams. As will be shown later, there is considerable 
divergence in the performance of pre-tensioned and grouted post-tensioned 
beams. The efficiency of a grout can not be guaranteed, and the ultimate 
strength of the high tensile wire is less likely to be utilized than in pre- 
tensioned beams. 

The authors must be congratulated on a valuable investigation concerning 
the ultimate load performance of grouted post-tensioned beams. The authors 
assumed that changes in strain in the concrete at the level of the steel are 
equal to changes in strain in the steel reinforcement. The experimental 
results confirm that this assumption is justified, and that the steel stress at 
failure can be accurately predicted from the theoretical formulas in the paper. 

The examination of strains in addition to stresses is necessary in post- 
tensioned beams due to the comparatively high steel strains corresponding 
to the ultimate strength of the wire. Investigations along these lines were 
~ *London, England. 
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commenced by Prof. A.L.L. Baker in 1947 in England,' both for grouted 
and for ungrouted post-tensioned beams. It was found that the ratio between 
the steel strain change and the “‘virtual’”’ concrete strain adjacent to the steel 
was 1.0 for grouted beams, and as low as 0.1 for ungrouted post-tensioned 
beams. Dr. Hajnal-Kényi? showed that in fully bonded beams the value of 
1.0 could be exceeded. 


The authors established an empirical relationship between k,k; and f.’ 
based on the neutral axis depth at failure. If, however, kik; is expressed 
as a function of f.’ in the formulas, it is surprising to find that a constant 
coefficient is employed for ke, since this must be also affected by the plasticity 
or brittleness of the concrete. The important consideration is the final effect 
on the lever arm ratio. It will be found that any variability of kk; and k, with 
- is self-compensating to a large extent, and therefore both coefficients could 
be taken as constants (such as in Whitney’s expression) without great error 
in the lever arm ratio. 


Comparing the result of tests of pre-tensioned beams with the authors’ 
test beams affords some interesting observations. In Fig. C the results of 
tests of pre-tensioned beams from reference 3 have been plotted with M,,/bd*f.’ 
as ordinate against pf,./f.’ as abscissa. (The concrete strength was measured 
on 6-in. cubes and the results have been adjusted by 0.85, as the relationship 
to cylinder strength.) The beams were reinforced with 0.105-in. diameter 
wire of 296,000 psi ultimate strength. With the exception of beam E, which 
failed by excessive elongation, the other beams failed by fracture of the 
reinforcement, although adequate warning of failure was given by deflection 
and wide cracks. The ratio of prestress to ultimate strength was as follows: 
(1) beams F and E—0; (2) beams G and H—0.35; and (3) beams A, B, 
K, M, L—0.6. 
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Fig. D—Authors’ test results plotted on same scales as Fig. C 














The experimental results confirmed that in pre-tensioned beams, where 
the bond is good, the ultimate strength of the steel as high as 296,000 psi 
can be utilized, even with moderately low prestress. Indication is that the 
local steel strain at a crack might be greater than the virtual strain in the 
adjacent concrete fiber. 

In Fig. D the authors’ test results are plotted on the same ordinate and 
abscissa as Fig. C. Beam B26 is not shown as the concrete strength was 
well below the value which would be permitted in practice. In plotting 
Pfsu/f-’, the ultimate strength of the steel was used. The diagram serves to 
illustrate how far short grouted beams would fall below expectations if treated 
in the same manner as pre-tensioned beams. The tests were made soon after 
grouting. In spite of the good results on the control cylinders, it is probable 
that better results could have been obtained if the grout had been allowed 
to mature a little more. Of the 27 beams tested, five were reported to have 
failed in shear or bond. It is not easy to differentiate between bond and 
shear failure since a diagonal tension crack may appear due to local bond 
failure in a prestressed beam. In the writer’s opinion, the five premature 
failures may have been avoided by allowing the grout to attain a greater 
strength in the beams. 

It is noticeable that values falling above M,/bd*f.’ = 0.2 have been referred 
to as tension-compression failures, and above M,/bd?f.’ = about 0.27 as 
compression failures. By the authors’ definition, compression failures denote 
over-reinforced beams. It is stated by the authors that ‘Actually, as far as 
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TENSION | COMPRESSION _ Fig. E—Diagram showing “ten- 
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the behavior and strength are concerned, there is no sharp transition between 
under- and over-reinforced beams.”’ This is not surprising, since the authors 
have given the words a meaning which is not customarily employed. Beams 
which failed while the steel stress was below the “‘yield point’’ have been desig- 
nated as tension failures. This is illustrated in Fig. E. This definition is incorrect 
and is based on a misconception. The terms under- and over-reinforced 
apply to the concrete section under consideration, and not the particular 
type of steel employed. The true meaning of over-reinforced beam is that the 
ultimate bending moment resistance of the section can not be appreciably 
increased by more reinforcement or additional prestress. In the authors’ 
test below the value of M/bd?f.’ = 14, this was not the case, and the beams 
were under-reinforced despite the fact that the yield point of the steel was 
not reached. This is shown in Fig. F, which is normally used in the analysis 
of normal reinforced concrete beams. When the limit is reached, failure has 
been found to be explosive, without the warning given by wide cracking. 
For this reason, primary compression failures are to be avoided in practice, 
and in the writer’s opinion, the limit should be below the value of 14 for 
reasons expounded elsewhere.* 
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Fig. G—Design chart for grouted post-tensioned beams 


The problem of defining under- or over-reinforced prestressed beams 
raises an important issue. If it is not possible to reach even the yield point 
in an under-reinforced post-tensioned grouted beam, with a certain degree 
of prestressing, is the particular type of steel economically utilized in the beam? 
The ultimate strength or the yield point of a high tensile steel should be care- 
fully chosen for a particular case of prestressed beam, and the prestress of 
the steel should be related to the stress-strain characteristic of the steel. 

A chart may be drawn up such as Fig. G (reproduced from reference 3) 
for grouted post-tensioned beams, where the curves represent various steel 
percentages. A more general one with p/f.’ could also be used. The stress- 
strain diagram of the steel can be drawn on tracing paper and superimposed 
on this chart in such a way that the prestress on the steel diagram intersects 
with the LHS ordinate of the chart. 

The maximum steel stress can thus be found, corresponding to a particular 
value of p/f.’, and it now remains only to choose a steel of a certain stress- 
strain characteristic to utilize it fully with a given prestress. 
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AUTHORS’ CLOSURE 


Both discussers have shown great concern over the effectiveness of the 
grout in bonding the steel reinforcement. This item was also of concern to 
the authors during their tests. However, the only apparent bond failures 
were in beams B12 and B20. During the tests, frequent observations were 
made of the load on the dynamometers at the ends of the beams. In only 
one case, that of B20, was an increase in stress observed, denoting bond 
failure to the end of the beam. In addition, comparisons were made between 
strains measured on the surface of the beams and on the reinforcement. 
These two strains agreed closely indicating that there was little if any slip 
between the steel and concrete as would be the case in extensive bond failures. 

The primary concern of both Mr. Revesz and Dr. Abeles with regard to 
bond seems to stem from the fact that a large percentage of their beams 
failed by fracture of the ‘steel while none of the beams tested by the authors 
failed primarily in this manner. Dr. Abeles mentioned a beam which failed 
first by crushing and second by fracture of the reinforcement. Several of 
the beams tested by the authors failed in a manner similar to this, but only 
after loading was continued beyond the point where the concrete had crushed 
at the top of the beam. It is difficult to see how fracture of the steel could 
precede crushing of the concrete with steels having elongations as large as 
those used in the beams tested by the authors, except possibly when the 
beams are loaded with one concentrated load, causing a concentration of 
strain below the load. Could a difference in manner of loading or in steel 
elongation account for the difference in type of failure? 

In Fig. D of Mr. Revesz’s discussion, the authors’ beams are plotted in 
the same manner as is done for Mr. Revesz’s beams in Fig. C to “illustrate 
how far short grouted beams would fall below expectations.” If the two 
figures are compared closely, it can be seen that all tension failures fall close 
to the same trend line as Mr. Revesz’s beams, tending to indicate that 
the authors’ beams do not fall much below expectations, except for com- 
pression failures which should fall below the trend line for tension failures. 
Virtually the same is true for the comparisons made by Dr. Abeles in Table 
A. All of Dr. Abeles’ comparisons were made for beams with rather large 
percentages of steel except for B2 and B21. Consequently, the steel stress 
at failure of the beam should be somewhat below the tensile strength of the 
steel. Dr. Abeles’ approximate formula gives an upper limit for the moment 
capacity and should give good results for beams with normal percentages 
of steel. 








FLEXURAL STRENGTH OF PRESTRESSED BEAMS 856 - 13 


Both discussers advocate using a constant value for k2/kik; in computing 
ultimate moments. This procedure will give good results as long as the 
steel stress at failure is near some constant value—such as the yield point 
in ordinary reinforced concrete, or the tensile strength in prestressed concrete 
as would be the case in under-reinforced beams. However, the use of a 
constant value for k2/kik3; does not give good results for over-reinforced 
beams and renders it necessary to establish a maximum value for M/f,’bd?. 
While this procedure probably is sufficiently correct for design purposes, 
it does not give a picture of the deformations or of the conditions of the beam 
at failure. This is true of any procedure which does not take account of 
both the strain and stress conditions. 

Dr. Abeles expressed concern that the concrete stress was greater than the 
concrete strength. This of course is not possible. However, it is possible 
and probable that the strength of concrete in a beam is different from the 
strength of a cylinder of the same concrete just as the strength of a cube of 
concrete would be different from a cylinder of the same concrete. A large 
number of factors are possibly involved in the value of k3;, but since the authors’ 
beams were all of the same size, k; was plotted using concrete strength as the 
only variable. 

There is definitely a difference of opinion between the authors and Messrs. 
Revesz and Abeles as to the meaning of the terms under-reinforced beams 
and over-reinforced beams, and tension failures and compression failures. 
Any definition of these terms must refer to an arbitrary dividing point. The 
authors felt that the definition based on the steel stress at failure corresponded 
more closely than any other to the definition for ordinary reinforced concrete 
beams based on whether the steel stress at failure was above or below the 
yield point. This definition not only refers to steel stress and mode of failure, 
but also refers to deformation at failure as illustrated in Fig. 9. Thus, by the 
authors’ definition, the dividing line between under- and over-reinforced 
beams defines the steel stress at failure, and the deformation conditions, 
that is, the point at which there is no reserve deformation between yield and 
failure. The authors feel that over-reinforced beams should be avoided 
because of their “brittleness; thus to avoid a “‘brittle’ beam by avoiding 
over-reinforced beams, the definition must be tied to deformations. 

Mr. Revesz seems to have misunderstood the authors’ definition of tension 
failures, for beams which failed while the steel stress was below the yield 
strength were designated as compression failures, not as tension failures as 
indicated by Mr. Revesz in Fig. E of his discussion. 

Mr. Revesz also takes issue with the designation of the beams tested. 
The designation, post-tensioned, end-anchored, bonded, prestressed beam, 
was made in accordance with the proposed definitions of ACI-ASCE Committee 
323.* 

Dr. Abeles has made a careful study of the cracking loads of the beam 
tested. None of the authors’ beams developed computed tensile stresses in 


*Proposed Definitions and Notations for Prestressed Concrete,’’ ACI Journa, Oct. 1952, Proc. V. 49, p. 85. 
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the concrete before visible cracking as large as those reported by Dr. Abeles. 
There was a large scatter in the modulli of rupture, but no larger than is 
usually found in such tests involving a large number of different concrete 
mixes tested at ages ranging from 29 to 100 days. Thus it appears that one 
explanation for the lower tensile stresses at cracking would be lower tensile 
strengths for the concrete used in the authors’ beams. 

The authors wish to thank Messrs. Revesz and Abeles for their discussions. 
They are pleased that the paper has elicited such close study and thought- 
provoking comments, especially with regard to the efficiency of grouting and 
bond. The authors also wish to state that the tests reported are preliminary 
tests and the future program of the investigation includes studies of pre- 
tensioned beams and, if possible, beams with imperfect grout conditions. 














Title No. 50-50 


Perlite Insulating Concrete’ 


By J. JOHN BROUKT 


SYNOPSIS 


Production, properties, and applications of perlite insulating concrete are 
described including mining and manufacture of perlite aggregate, variation 
in different perlite deposits, basic cost data, physical properties of perlite 
concrete, and significance of aggregate hardness. The basic ‘1:6 mix”’ for 
perlite insulating concrete and job recommendations for this mix covering 
roof decks and roof fills are detailed. Examples of use of perlite in insulating 
roof decks and roof fills and other applications are included. 


INTRODUCTION 


Since 1949, the perlite industry has grown from 15 to 70 expanding plants, 
and over 400,000 cu yd of perlite concrete have been placed. Notable to the 
concrete industry is the fact that of 15 plants producing perlite aggregate 
in 1949, only two were using or selling it for concrete aggregate, while today 
all plants sell perlite for concrete aggregate, some almost exclusively. Principal 
advantage of perlite concrete is its insulative value and a secondary advantage, 
of course, is its light weight. 

Some changes have been made in concrete mix design since 1949,{ but basic 
concepts are still the same. An annealed hard-burned aggregate, a low 
water-cement ratio, and air entrainment are just as essential today for good 
perlite concrete as they were in 1949. In addition, more is now known about 
the insulation qualities of perlite concrete and their effect on building design. 

Thousands of dollars are saved by utilizing concrete as heat insulation. 
For the concrete industry, insulating concrete opens up new markets for the 
transit-mix operator, concrete contractor, engineer, general contractor, and 
the architect. Using it properly means low-cost insulation. 


RAW MATERIAL 


Perlite is the mineralogical name for a volcanic siliceous rock having the 
characteristic of expanding when heated to temperatures ranging from 1500 
to 2000 F. Principal sources of supply are ore deposits in Colorado, New 
Mexico, Utah, Nevada, Arizona, California, and Oregon. Perlite rock widely 
occurs in the Rocky Mountain area, but no two deposits produce expanded 


*Received by the Institute Aug. 27, 1953. Title No. 50-50 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 25, No. 10, June 1954, Proceedings V. 50. Separate prints are available at 50 cents 
each. Discussion (copies in triplicate) should reach the Institute not later than Sept. 1, 1954. Address 18263 W. 
MeNichols Rd., Detroit 19, Mich. 

. t+tMember American Concrete Institute, President, J. J. Brouk and Co., and Precast Slab and Tile Co., St. Louis, 
fo. 


tBrouk, J. John, “Perlite Aggregate: Its Properties and Uses,’ ACI Journat, Nov. 1949, Proc. V. 46, pp 
185-190. 
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perlite with the same physical proper- 

tas. i een —— ties. Some deposits produce light 2—4 

entninciilatitonantamsanioniaesationasionnteninpweeee ip per ou ft Gully, fisie aggregate; some 

gene ge Pete steno produce expanded perlite weighing 

Bl ieiotieg —_——_— over 15 lb per cu ft; while still other 

( deposits yield aggregate so friable that 

on mixing it breaks down to fine 

mush. It is essential that perlite ore 

have expanding properties that give a 

Titan he adeee yy Oi Spa i hard, 8-lb per cu ft aggregate with a 

tii ne amount of decrepitation, 
fluff, and dust. 

Tests show that known perlite deposits in the western states are capable 
of producing satisfactory aggregate. Several companies are mining perlite 
ore at rates ranging from one to ten carloads per day. After mining or 
quarrying, ores are subjected to preliminary drying and crushing, and then 
are trucked to mills generally located at a rail shipping point. There rock 
is reduced and screened in size to a —16 mesh with a minimum amount 
passing a 100-mesh screen. A typical screen analysis is shown in Table 1. 
This —16 mesh rock is then loaded in either a box car or a closed gondola 
ear for shipping. When shipping, it is important that ore contain less than 
0.5 percent moisture. 


2 
18 
50 
80 
97 


AGGREGATE 


Perlite rock as received at expanding plants is introduced into specially 
designed expanding furnaces which produce aggregate at rates varying from 
twenty-five to one hundred 4-cu ft bags per hr. Expanded perlite should 
weigh 7/4 to 10 lb per cu ft, an approximate expansion ratio of ten. 

Variation in perlite ore deposits means variation in the finished product. 
For satisfactory perlite aggregate, the ore deposit should be uniform and 
capable of producing a hard tough product. Satisfactory aggregate can not 
be made from a poor rock. 

Types of expansion furnaces and techniques vary and are outside the 
scope of this report. However, a better selection of a perlite aggregate can 
be made by ascertaining the type of furnace used in expanding the ore. 
Furnace types generally recognized as most satisfactory include the hori- 
zontal rotary kiln with a preheater and the stationary vertical kiln with a 
rotating co-current preheater, although other designs have given good results. 


PHYSICAL PROPERTIES 


Four properties by which perlite aggregate should be judged are: (1) gra- 
dation, (2) weight per cubic foot, (3) hardness, and (4) yield. Early thinking 
in the perlite industry was that the only important properties of a good 
perlite aggregate were gradation and weight. It is known today that hard- 
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ness and yield are of equal, if not greater, importance. Hardness, as referred 
to here, is the ability of an aggregate to resist compressive loads or crushing. 
Yield is a measure of aggregate resistance to breakdown in the concrete mixer, 
and is expressed as a ratio in terms of volume of concrete produced to volume 
of aggregate used. 

It is unsatisfactory to specify perlite aggregate conforming to a specific 
weight and gradation, and then find that on mixing friable material breaks 
down to an entirely new gradation resulting in a much heavier concrete unit 
weight. This in turn means a loss in yield, too high a cement factor, a higher 
water content, a higher aggregate surface area, higher shrinkage, higher 
thermal conductivity, higher density, lower strength to weight ratio, and, in 
general, a poor concrete at higher cost. 

In recent experiments conducted by Precast Slab and Tile Co., St. Louis, 
Mo., three expanded lightweight aggregates of the same weight were sub- 
jected to tests. Aggregates A and B were selected from the commercial 
market, and aggregate C, not of commercial origin, was made expressly for 
the investigation. A was hard-burned, carefully-annealed expanded perlite 
made from ore mined in Colorado and treated in a rotating horizontal furnace 
with preheat; B was made from a lively, fluffy, and soft expanding ore 
furnaced without preheat; and C was a soft aggregate. The three were 
selected for uniform weight, separated into each screen size, and reblended 
to give the gradation listed in Table 2. 


The first test on the uniformly graded aggregates was for hardness. <A 
3 x 5-in. metal cylinder was half-filled with the aggregate being tested and then 
vibrated or shaken until aggregate was consolidated to its smallest volume. 
The cylinder was then filled to the top and vibrated again, a guide collar on 
the cylinder was removed, and the top surface was struck off smooth. The 
cylinder was then placed in a small compression machine, and load was applied 
until aggregate in the cylinder was compacted exactly 1 in. The average 
of five tests on each aggregate is listed in Table 2. Note the differences in 
spite of the fact that weight and gradation were the same. 

The second determination was to check on yield of concrete produced 
from the different aggregates. Each aggregate (1000 cu cm) was mixed 
with 380 g of Type I cement and 400 cu cm of water and then mixed for 


TABLE 2—GRADATION AND wee tear LIGHTWEIGHT AGGREGATES USED 


Sieve gradation, percent retained Unit Crushing 

Aggregate — — ——_|-_—_—— —— Fineness weight, strength, 
N No. No. No. No. modulus lb per psi for 1-in. 

16 30 50 100 cu ft compaction 


30 70 85 95 81 9%) 
30 70 85 95 25 
30 70 85 95 $1 10 














eames 
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TABLE 3—CONCRETE YIELD FROM THREE AGGREGATES OF EQUAL WEIGHT AND 
GRADATION* 








Yield, volume of con- Weight 
Aggregate crete produced from Yield, fresh concrete, 
one volume of aggregate percent Ib per cu ft 
A 0. 85 85 67 
B 0.73 73 77 
C 0.71 71 80 
Sand 1.08 108 138 


| 





*Mixes used were 1:4 by volumetric propartions, with | no air entrainment, and consisted of 4 ‘bag of ¢ cement, 
4 cu ft of aggregate, and 11.9 gal. of water. 


3 min. This constituted an approximate 1:4 mix by volumetric proportions 
with no air entrainment, and results are given in Table 3. 

The third test was on a so-called “1:6 mix,” using the equivalent of one 
bag of cement, 6 cu ft of aggregate, 12 gal. of water, and 1% pints of a 14 
percent solution of neutralized Vinsol resin (NVX). Results are shown in 
Table 4. Note the wide difference in wet density, dry density, water content, 
cement content, aggregate content, and the most important A or thermal 
conductivity. These variations would all be possible under poorly-worded 
specifications covering only aggregate weight and gradation and a basic 
we ee | 

Table 5 presents cost data based on results tabulated from Table 4. All 
prices are relative and should not be construed as the price structure in any 
particular area. The unwary engineer or contractor may find himself buying 
a too-expensive insulating concrete if he does not carefully check hardness 
and yield of the aggregate. His cost per cubic yard of concrete could vary 
even though cost per bag of the various brands of perlite is the same. Fig. 
1 bases costs per cubic yard on densities desired. Note that the softer the 
aggregate, the more costly the concrete for a given density. 

Costs are based on 1:4 mixes with air-entraining agent added as well as 
the 1:6 mixes already reported (Table 5). Strength to weight ratios are 


TABLE 4—RESULTS OF TESTS ON abcess” remains USING A STANDARD 1:6 




















Yield, 
lvolume of WwW eight, | | Weight, | | Material required per cu yd of 
concrete | fresh dry /|Thermal | of concrete 
Aggre-| produced | Yield, | concrete,| concrete, | conduc- | | 
gate | fromone jpercent| Ib per | lb per " tivity, |Cement,| Aggre- Ad- 
volume of | cuft | cuft | Kf | bags | gate, | Water, | mixture, 
| aggregate | | | bagst | gal. gal. 
ibs ales 115 | 35 | 24 0.54 | 39 | 5.9 | 47 0.74 
B 1.00 100 | 40 | 2 0.62 | 4.5 6.75 | 54 0.84 
C§ 0.90 9 | 56 | 2 | 0.68 | 5.0 7.5 | 95§ 0.94 











*The standard 1:6 mixes consisted of 1 sack of cement, 6 cu ft of aggregate, 12 gal. of water, and 1'4 pints 
of a 14 percent solution of neutralized Vinsol resin (NV X) for air entrainment. 

+Expressed in Btu per hr per sq ft a deg F per in. thickness at a mean temperature of 75 F. 

tOne bag of aggregate equals 4 cu f 

§$Aggregate C required a total of 19 ik of water per bag of cement to give it a slump of 3 in. obtained with 
the other aggregates. 
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Fig. 1 (above left)—Costs per cubic yard of 

concrete in relation to density using three 

insulation aggregates of different degrees of 
hardness 
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Fig. 3 (right)—Effect of cement content per 
cubic yard on the strength of insulating concrete 
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TABLE 5—RELATIVE COSTS PER CUBIC YARD OF INSULATING CONCRETE* 


Materials and costs per cubic yard of concrete 
Aggregate A Aggregate B Aggregate C 
Materials —- ————— - 


Costs, Costs, Costs, 
Quantities | dollars | Quantities | dollars | Quantities | dollars 


Cement at $1.05 

per bag 3.9 bags 4.10 4.5 bags 73 5.0 bags | 5.25 
Aggregate at $1.40 

xer 4-cu ft bag 5.9 bags 8.26 ).75 bags 9 45 7.5 bags 10.50 
Sdadabere at $0.80 

per gal. 0.74 gal. 59 84 gal. ) 0.94 gal. 0.75 
Water (no charge) 47 gal. 54 gal. 95 gal. 


Total cost per 
cubic yard $12.95 $14.86 __ $16.50 


*Based on a 1:6 mix (volumetric) using three aggregates of the same weight and gradation. Costs are assumed. 
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Fig. 4—Effect of strength requirements on costs 
of insulating concretes using three aggregates 

t of equal weight and gradation but of different 
[ deeacture c (orr) degrees of hardness and friability 
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shown in Fig. 2; Fig. 3 shows the effect of higher cement content on strength, 
and Fig. 4 and 5 show the higher costs due to loss of yield resulting from using 
weak, soft aggregates. 


BASIC MIX FOR INSULATING CONCRETE 


Approximately 85 percent of all insulating perlite concrete placed today is 
the 1:6 mix and so it is important that suggested practices be built around 
this mix. The 1:6 mix is suitable for all roof fills and short-span structural 
roof decks up to 36in. A thermal conductivity K of 0.55 is adequate for most 
insulating needs. For a thickness of 2 in. this gives a U factor or over-all 
heat transmission (including built-up roofing) of 0.21. It should be noted 
that here is an insulating material weighing only 25 lb per cu ft which has in 
134 in. the same thermal efficiency as 1 in. of cork. Physical properties of 
the 1:6 mix are reported in Table 6. Note that the thermal expansion 
coefficient is less than that of sand and gravel concrete. 

When perlite is used on roof decks, high temperatures occur under the 
roofing membrane during summer months due to the high insulation efficiency 
of perlite. Temperatures as high as 160 F have been recorded. This expands 






































*» on cost per cubic yard, assuming equal costs of 
a $0.N aggregates and based on a 1:6 mix 
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TABLE 6—PHYSICAL PROPERTIES OF 1:6 (OR 25 LB PER CU FT) 
PERLITE CONCRETE* 


Weight (fresh), Ib per cu ft 35 
Weight (oven dry), lb per cu ft 25 
Compressive strength, 28 days, psi 170 
Tensile strength, psi 32 
Indentation strength, 1-in. dise at 28 days, lb 312 
Modulus of elasticity, psi 115,( 
Modulus of rupture, psi 41 
Bond to reinforcing steel, psi 20 
Thermal conductivity, K 0.55 
Thermal coefficient of expansion 0.0000048 
Shrinkage at 28 days, percent 0.114 
Rate of drying at 28 days, percent of oven dry 80 
Rate of drying at 7 days, percent of oven dry 40 
24-hr water absorption, lb per cu ft of concrete 15 


*All values are average for field results. 
the concrete and exerts a push on vertical walls. The solution to this ex- 


pansion problem is to adequately protect vertical walls (parapet) with 
expansion joints in the insulating fill (Fig. 6). 


SUGGESTED JOB PRACTICES FOR MIXING AND PLACING PERLITE INSULATING 
CONCRETE ROOF DECKS AND ROOF FILLS 


The following observations are based upon the author’s experiences in 
placing perlite concrete and are offered as a guide for architects and engineers. 


Requirements are rigid, but they can be met by conscientious perlite producers 
and contractors. 


Use 

Due to its lightness, insulating value, and permanence, perlite concrete 
can be used for: (a) roof insulation over structural roof decks of concrete, 
wood (if protected by roofing felt), or metal deck, and (b) lightweight structural 
decks over steel-ribbed metal lath, asbestos board, paper-backed welded 
wire mesh, or other suitable forms. 
Scope 

These requirements are intended to govern application of perlite concrete 
insulating fill for roof decks. 
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Fig. 6—Expansion joint for insulating concrete 
at parapet walls 
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Materials 

1. Cement may be Type I, II, or III portland cement meeting require- 
ments of ASTM Designation C 150-52. 

2. Perlite aggregate 


(a) The following sieve analysis, made in accordance with ASTM Designation 
C 136-46, is recommended for perlite aggregate. 


Sieve retention, percent 
U. S. Standard sieves, No. STRAP “M7 ae 


Minimum Maximum 


4 0 0 

8 0 8 
16 20 45 
30 40 85 
50 70 100 
100 90 100 


(b) Density—7)% to 10 lb per cu ft as measured by the shoveling procedure specified 
in ASTM Designation C 29-42. 


(c) Hardness—A minimum crushing strength of 75 psi when compacted 1 in. in a 
3 x 5-in. cylinder. 
3. Air-entraining admixture should be a solution equal to 50 lb of neutral- 
ized Vinsol resin dissolved in 3314 gal. of water. - 
4. Water should be clear and free from oil, acid, alkali, sugar, organic 
matter, or other deleterious substances and should preferably be potable. 


Job application and recommendations 
1. Properties of concrete 
(a) Weight of fresh concrete should not exceed 38 lb per cu ft, and should be determined 
for every 10 cu yd of concrete deposited. 
(b) Yield (which in this case is an expression of volume of concrete produced to 
volume of aggregate used) should be a minimum of 110 percent. 
(c) Weight of 28-day concrete dried to a constant weight at 212 F should not exceed 
26 lb per cu ft. 
(d) Compressive strength—minimum of 140 psi at 28 days. 
(e) Thermal conductivity—-K (Btu per hr per sq ft per deg F per in. thickness at a 

mean temperature of 75 F) should not exceed 0.60. 

2. Mix proportions—The mix for insulating roof fill should be: 1 bag of 
portland cement (94 lb); 6 cu ft perlite aggregate meeting the requirements 
under “Materials” above; 114 pints of air-entraining agent consisting of a 
14 percent solution of neutralized Vinsol resin (NXV); and 12 gal. of water. 
Under no circumstances should more water than 54 gal. per cu yd be used. 

3. Notes on mixing 

(a) Perlite insulating concrete may be mixed in a paddle-type plaster or drum-type 
mixer. The batch amounts of water, air-entraining agent, and portland cement should 

be placed in the mixer and mixed until a slurry is formed. The perlite aggregate 

should then be added to the slurry and all materials mixed until the wet density is 

reached, but in no case should mixing be less than 2 min after all materials are added. 
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In a skip loading mixer, aggregate and cement may be charged together provided 
water and air-entraining agent are first added to the mixer. 

(b) Perlite concrete may also be transit mixed following the procedure outlined 
above. It is recommended that the transit mixer be turned at slow speed enroute to 
the job site. Ten minutes before discharging, the mixer should be turned at a speed 
of 9-10 rpm. Fresh concrete densities should be checked for every 10 cu yd of concrete 
delivered. This also applies to job-mixed perlite insulating concretes. 

4. Placing 

(a) Perlite insulating concrete should be carefully deposited and screeded in a con- 
tinuous operation until a panel or section is completed. Steel troweling should be 
avoided. Rodding, tamping, and vibrating is not necessary. 

(b) At least 1 in. thick expansion joints should be placed at the juncture of walls 
and concrete, and should consist of an air space protected by a precast cant strip, 
as shown in Fig. 6. 

(c) For insulating fills placed on top of adequately designed roof decks (metal, 
wood, or concrete), no wire mesh reinforcement is necessary. For decks where perlite 
concrete is placed on form board of some sort, proper mesh (generally 4 x 8 in. 
composed of 12 x 14-gage wires) is required. 

5. Curing of job placed concrete 

(a) Except in extremely hot weather no protection against rapid drying is necessary. 
In cold weather the concrete should be protected from freezing. Freshly placed 
concrete should be given adequate protection against damage by heavy rain. Water- 
proof paper covering may be used. No traffic should be allowed until the concrete 
can sustain a man’s weight without indentation. Under normal conditions, three days 
should be allowed when the average temperature is above 60 F before application of 
roofing. Add one day curing for every 10 deg below 60 F average. If rain occurs at 
the end of the curing period, one to two additional days must be allowed before the 
built-up roof is placed. 

(b) Perlite concrete should not be placed below 40 F without special precautions. 
When it is anticipated that temperatures will be near or below 40 F, Type III cement 
should be used, and water may be heated to 100 to 150 F. Provision should also be 
made to protect the concrete from freezing until adequate strength is developed. 
The best method found to date is to straw the top surface toa depth of 4 in. and then 
supply heat to the area below the deck by salamanders or space heaters. 


USES AND APPLICATION 


The recommendations outlined here can be used for roof fills and decks, 
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Fig. 7—Perlite insulation placed 
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typical examples of which are shown in Fig. 7, 8, 9, 10, and 11. Thermal 
efficiency can be improved by placing thicker insulation. A big advantage 
of insulating fills is that they may be sloped to drains. Besides roof decks, 
subfloors and radiant heat systems can also make use of the 1:6 mix. 


OTHER SPECIAL APPLICATIONS BY BLENDING 


Perlite aggregate is used, blended with other aggregates, to develop special 
properties in concretes. A blend of 1 part of expanded shale (or equal) aggre- 
gate with 4 parts of perlite by volume and mixed with | bag of cement makes 
an excellent nailing concrete which weighs only 55 lb per cu ft and develops 
a strength of over 1000 psi at 28 days. One bag of cement, 2! cu ft of per- 
lite, and 2% cu ft of gravel will produce a concrete weighing 100 lb per cu 
ft which develops a strength of over 2500 psi. 

Any range of properties reasonable in lightweight concretes can be de- 
veloped with densities from 20 to 120 lb per cu ft. For this reason perlite 
concrete is exceptionally suited to concrete products plants doing lightweight 
precast work. The Precast Slab and Tile Co. has for some time manufactured 
precast perlite slabs successfully. A popular slab is a 25¢ x 24 x 48-in. roof 
tile weighing less than 10 lb per sq ft and designed to support an ultimate 
load of 240 lb per sq ft. 


CONCLUSIONS 


Recent developments in perlite concrete emphasize that concrete men 
may do well to study possibilities of placed insulation and the resultant 
savings in weight and cost. All expanded perlite aggregates are not alike, 
however, and thorough checking of aggregate quality is necessary. Good 
aggregate is available in most parts of the country with the result that good 
insulating concrete can be specified for all areas. 





PERLITE INSULATING CONCRETE 867 


Merely specifying a “1:6 mix” is not sufficient to insure good and inex- 
pensive insulating concrete. The requirements must contain provisions for 
checking perlite aggregate combined with a concrete of known weight and 
cement content. 

Other applications are not limited to the use of perlite in the mix alone. 
By blending with other inexpensive aggregates, many desirable properties 
‘an be imparted to lightweight concretes. The potential for perlite aggre- 
gate in the field of insulating lightweight concrete is promising. However, 
research and development are necessary to continue to expand its usefulness. 








Courtesy Chambre Syndicale des Constructeurg 
en Ciment Arme de France (Paris) 


A landmark in architectural evolution 
—the apartment building on the Rue 
Franklin, Paris, built in 1903, introduced 
reinforced concrete as an expressive 
architectural element. The building 
was of reinforced concrete frame con- 
struction with the structure clearly ex- 
pressed in the treatment of the ele- 
vation. Architect and builder 
Auguste and Gustave Perret 


Notable Concrete Structures 
—Old and New 


Continued from p. 856 


Prototype of all large modern garages was 
the reinforced concrete garage on the Rue 
de Ponthieu, Paris, built in 1905. Architect 
and builder—Auguste and Gustave Perret 


Courtesy Chambre Syndicale des Constructeurs en 
Ciment Arme de France (Paris) 


Courtesy Associacao Brasileira de Cimento Portland (Sao Paulo) 


An early example of free-span construction, Herval Bridge over Peixe’s River, Santa Catarina, 
Brazil, built in 1930. Cantilever construction without centering was used for the 68-m main 
span; total length is 118.4 m. Engineer—E. Baumgart 


Continued on p. 898 
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Disc. 50-50 


Discussion of a paper by J. John Brouk: 


Perlite Insulating Concrete’ 


By J. O. CHERTKOF and AUTHOR 


By J. O. CHERTKOFT 


For years perlite has been expanded and used as a lightweight aggregate 
but perhaps the greatest phenomenon of perlite has been treated too lightly. 
Because of the economic uses of expanded perlite as a lightweight aggregate, 
industry did not explore the most important factor—adsorption—and did 
not endeavor to make use of this characteristic. It has been known that 
when expanded perlite was employed as a lightweight aggregate in some 
particular uses, depending on the character of the finished product, the 
resulting mass “had been found to have considerable so-called “suction.” 
In some cases, expanders endeavored to overcome this suction without giving 
much thought to the cause and the best control of this characteristic. 


It will be attempted in this discussion to explain in brevity some of the 
findings on expanded perlite, the factors that control or vary the phenomenon 
of adsorption, and a method of solving and controlling this phenomenon in 
lightweight insulating concrete. 


For simplicity, expanded perlite throughout this paper will be termed 
“aggregate”? and perlite ore will be considered as “ore.’’ Since aggregates 
are made through the process of expansion by heat and the aggregate densities 
are controlled by various expanders from ‘‘under-” through ‘‘over-expansion,”’ 
the resulting adsorption of a finished aggregate will vary proportionately 
with the type of ore, the method of expansion, the density and shape of the 
aggregate, and the percentage of the various fraction sizes in the packaged 
aggregate as sold by the expander. If each variable is considered separately 
and the others kept constant, the explanation of what takes place by changing 
one variable can be understood more easily. 


Let us first consider what happens when the source of ore is changed and 
the rest of the variables remain constant. We will assume that only the ore 
deposit is changed and that the presized shipment to the expander is the same 
regarding the percentage of varying fractions. The expander will find that 
he can develop his technique of handling the new ore, and the only difference 
will be that the melting point of the new ore may change his operating 
temperature + 150 F. The lower temperature ores naturally will require 


*ACI Journa., June 1954, Proc. V. 50, p. 857. Disc. 50-50 is a part of copyrighted JournNAL oF THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dee. 1954, Part 2, Proceedings V. 50. 
tConsulting Engineer and President, Perma-Rock Products, Inc., Baltimore, Md. 
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less fuel for processing, and control of expansion techniques will enable the 
expander to control the aggregate fractions within reasonable limits. The 
converse is also true; that is, if the new ore has a higher melting point, it will 
require more fuel or a longer heating period before expansion takes place, 
which increases the fuel consumption. 

One might assume that the lower temperature ores would have a thinner 
film enclosing the air cells making up a particle of aggregate in comparison 
with the higher temperature ores, and therefore that the lower temperature 
ores would be more friable. This, however, is not true. If it is considered 
that one particle of the ore is expanded eight times its original size and a 
second ore particle, of the same identical size but of a different ore, is expanded 
eight times its size, then the amount of mineral and the number of air cells 
in the aggregate has to be the same, as the densities remained the same. 
Numerous people have been questioned to clarify the opinion of what happens 
when the ore expands and in many instances it has been explained that the 
particle of ore expands in an irregular enclosure or bubble. This, it is believed, 
is not true. 

It might be well to use a simple analogy to illustrate the findings of a micro- 
scopic examination of a particle of aggregate. If we would consider a particle 
of ore as being the shape of a pear before same has been expanded and the 
aggregate particle after expansion as being a cluster of grapes, we get close 
to the actual picture. The ore when expanded shatters completely and, 
actually, the bubbles or individual grapes which were formed have broken; 
but, because the entire pear was molten and the inherent moisture or gas in 
the ore exploded same, it is more plausible to assume that the larger portion 
of the grapes in the cluster have broken completely and, in turn, sealed the 
spaces between each individual grape. The resultant aggregate particle 
then has all the exterior grapes broken and these, in turn, have fused with 
the adjoining broken grapes and sealed the spaces between same. The 
number of projecting pieces or burrs left on the cluster depends on the tech- 
nique of expansion. If the aggregate can be held in the furnace after it has 
been expanded so that the burrs or points will melt or fuse with the adjoining 
surfaces, then the aggregate particle is no larger when one ore or the 
second ore is used. There should be no appreciable difference in hardness of 
the finished product if the expander develops and perfects his technique. 
It is believed that hardness does not influence adsorption, but the surface 
area of the particle does. 

The next variable to be considered is the shape of the aggregate particle. 
This definitely has some influence on adsorption. The shape of the aggregate 
will vary with the ore supply, because the entrapped moisture or gas is not 
the same in all ores. When the entrapped moisture is greater in one ore in 
comparison with a second, the explosive force is greater. However, controlled 
expansion technique can produce a similar finished aggregate particle of 
the same size, as explained above. This also influences the density of the 
aggregate. 
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It has been recently acknowledged that lightweight perlite aggregates are 
not being offered on the market for comparison of friability in itself, and 
industry now is comparing the various aggregates by making hydraulic 
mixtures and determining yield. It has been proved that if any ore is processed 
properly the difference in yield will be + 3 percent when tested in a 
hydraulic mixture, and this can be attributed to ore supply, presizing, fraction 
percentage, and adsorption if techniques are the same. The burden of re- 
sponsibility regarding the proportioning of fractions is that of the individual 
expander, as he can over-expand or under-expand any presized ore and, 
depending on the equipment which he is using, one particular ore may 
lend itself better to his operation than another. But he should always 
recognize that he must have a sufficient percentage of each particle fraction 
in his resultant aggregate so as to fill up most of the voids between the largest 
particles present. This will then permit the binder to be used as a binder, 
instead of a bulking material. One of the great troubles found is that the 
percentage of fractions is not controlled sufficiently, which causes the consumer 
to complain that he has a poor mix and has to use more binder. 

The most important thing, however, is the control of adsorption. It must 
be remembered that hydraulic binders are of very fine mesh, minus 200 
mesh or finer, so as to permit rapid hydration, and the aggregate itself has 
voids which are large enough to permit this extremely fine binder to actually 
enter the aggregate particle. The force which draws this binder into the 


aggregate void is known as surface tension or adsorption, both being one and 
the same. This force can hold 75 percent of the liquid and/or the binder 
permanently, or until the aggregate particle is broken, unless some means is 
taken to decrease this force. 


It is acknowledged that a tremendous number of these aggregate voids 
are microscopic and irregular. However, the total surface area with which 
we are dealing in | cu ft of aggregate is enormous. In many cases, the liquid 
and binder of a hydraulic mixture bridge these voids and this reduces the 
amount of surface area, effecting adsorption. It has been determined that 
perlite aggregate adsorbs 300 to 500 percent of its weight in water. This is 
the important phenomenon of perlite, the fact that perlite aggregate is one of the 
best adsorbents for liquids and gases known today, based on the weight of the 
aggregate. 

The many advantages of this phenomenon cannot be presented at this 
time; however, the control of this force of adsorption in perlite aggregate 
when used in a hydraulic mixture of water and portland cement as a binder 
will be explained. 

Since it has been explained and proved that perlite has a great force of 
adsorption and that the water and portland cement will enter the voids, 
the problem is one of how to prevent this from taking place. It can be done 
by completely sealing the particle of aggregate, which would increase the 
cost and density of the aggregate and some of the advantages would be lost 
when used in lightweight concrete. A solution may be found at some time 
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where this would be advantageous and economical. For the present, a solution 
to this problem has been found which is economical and satisfactory. That is 
to coat the aggregate with a gaseous inhibitor, which inhibitor acts and per- 
forms as a wetting agent and reduces the surface tension; and secondly it 
expands when used in a mixture with water and portland cement, which 
results in sealing the voids so that the binder does not remain in these voids. 
It is acknowledged that the smallest particle size of any liquid or solid can 
be obtained when said liquid or solid is changed into the gaseous state. 
Therefore, if the coating is performed with a gas, every surface surrounding 
the voids is completely coated, regardless of its microscopic size. This coating 
can be applied during the course of manufacture or expansion of the ore, 
as the ore reaches temperatures in excess of 2000 F and is cooled to temper- 
atures as low as 150 F. With this range of temperatures, depending on the 
inhibitor being used, the proper point of introducing the gas can be determined. 

After the aggregate has been coated, it is ready to be used in a hydraulic 
mixture of water and portland cement. If a slurry is made with the water 
and cement and then the aggregate is added, it has been found that the 
mixture performs in the following manner: 

(1) It will be noted that the aggregate adsorbs all of the slurry and the entire mass appears 
dry. 


(2) After a short time—perhaps 2 to 5 min, depending on the type of mixer and speed of 
mixing—the mixture becomes wet, which can only take place if the aggregate is destroyed 
or broken and/or the slurry is forced out of the void. It will be found that with a coated 
aggregate, as described above, the slurry of water and cement is actually forced out of the 
void. 


(3) If the density is checked immediately after the short period of mixing, it will be found 
that the density of the mixture is lightest at this point. 


(4) As additional mixing takes place, the density will start to increase and will reach a 
point of consistency after which no further change will take place, regardless of mixing time, 
within reasonable limits. 

The reason that a lighter density is obtained at first and then the densities 
increase is due to the same function of adsorption, that is, that after the coat- 
ing on the surface of the void has expanded, it expands a little further than 
the edges of the void and then breaks. When the bubble has broken, the 
liquid and binder are then attracted back to the edges of the void in the 
aggregate particle and a greater density is obtained. The portland cement 
(binder) can be prevented from entering this void by having extremely fine 
particles of aggregate in the mix. These fine particles should be as fine as, 
or finer than, a minus 200-mesh screen and this fine aggregate then acts as 
a filter through which only the water of the slurry can penetrate. 


It will be found, also, that an exacting amount of coating will influence 
the initial wetting time, density, and water necessary for the hydraulic mix- 
ture. An excessive amount of coating will reduce the wetting time because, 
as previously stated, the inhibitor is basically a wetting agent. Vigorous 
mixing when excessive coating is present on aggregate will cause air to be 
entrapped. This would weaken the ultimate strength of the concrete if the 
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entrapped air would remain. However, since the adsorption has been con- 
trolled and not destroyed, the particles compact with the binder to obtain 
the predetermined density, as previously stated. The perlite industry is 
interested in selling aggregate and not air. Entrained air reduces the setting 
time of the concrete mix and, therefore, the fractions should be of such size 
as to fill all voids and the binder will, in turn, coat each particle and thus 
give the strongest ultimate concrete results. Since the aggregate is initially 
light in density, 10 or 15 percent additional aggregate in relation to the amount 
of portland cement used will not increase the densities over 1 or 2 lb per cu ft 
of finished concrete. Yet it will be found that the strengths will be increased 
100 to 200 percent if the air is eliminated and aggregate takes its place. 

An excess amount of water in the mixture does not necessarily reduce the 
strength of the concrete, but actually helps to make a denser mass which, 
as explained above, eliminates entrapped air and affords a stronger concrete. 
This excessive water leaves the portland cement by entering the voids. It 
has been found and proved that the excess water which has entered the voids 
of the aggregate will actually be beneficial to the curing of the concrete, as 
this water supply is called upon during hydration of the cement. 

Lightweight insulating concrete has been placed in areas where the temper- 
atures have been as high as 300 F and no ill effect or reduction of strength 
was noted. Ordinary concrete would have cracked, broken, and set within 
15 min, yet the concrete made with perlite was still moist, not cracked, and 
had not reached its final set after 3 hr under these conditions. It is predicted 
that every cubic yard of ordinary concrete will eventually have a certain 
percentage of perlite, to obtain this ideal curing condition, which will not 
adversely affect the strength but actually increase same and reduce cost of 
curing. 

It is advisable to state at this time what happens when less water is used 
in the hydraulic mixture with the coated aggregate and the extremely fine 
particles as a binder. It has been found that the coating acts in the same 
fashion. However, the bubble which leaves the void and appears in the 
mixture between the aggregate particles remains and, therefore, the density 
is reduced. This gives a weaker concrete. The reason that this bubble is 
retained in the mixture is due to the fact that the slurry consistency initially 
was too thick and the bubble of air was trapped and could not be broken 
when the filtering process took place. In some instances, where extremely 
light and weak concrete is required, this might be an advantage. 

It is felt that concretes made with perlite aggregate should be classified 
in three separate and distinct fields of use: (1) lightweight insulating con- 
crete, with strengths of 150 to 300 psi, where the insulation is the most 
important factor and the strength is secondary; (2) lightweight insulating 
structural concrete, with strengths of 200 to 600 psi, where the strength 
and insulation are factors of equal importance; and (3) lightweight structural 
concrete, with strengths of 1000 to 2000 psi, where strengths and densities 
are the most important factors and insulation has little or no value. 
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AUTHOR'S CLOSURE 


Discussion offered by Mr. Chertkof is extremely interesting and he is to 
be congratulated for the valuable research on the subject. 

From Mr. Chertkof’s investigation, he states that expanders, if they perfect 
their expanding technique, can make a finished product that has no appre- 
ciable difference in hardness regardless of the source of ore used. This is 
entirely possible, but many expanders have not as yet learned to manufacture 
their product perfectly. It is entirely true that there are many lower temper- 
ature ores that do produce very hard and nonfriable particles. 

It is also true that under microscopic examination you will find particles 
expanded similar to a cluster of grapes, but with some aggregates you will 
find complete irregularity at the surface—sharp irregular edges protruding 
which have been termed by some in the industry as “rabbit ears.’”’ These 
“rabbit ears’ and protrusions from the particles tend to break off in the 
mixing process, resulting in a much finer gradation and a decided loss in yield. 

Regarding gradation, the theory of having each particle fraction in a 
resultant aggregate fill up most of the voids between the larger particles 
present has not been completely proved to be the ideal way to sell an extremely 
lightweight aggregate. Exceptionally high strength to weight ratios have 
been developed in perlite concrete using absolutely no fines whatsoever. 

Regarding the question of adsorption, perlite aggregate can be expanded 
to adsorb a minimum amount of water into the interior of each particle and, 
as Mr. Chertkof ably suggests, can also be controlled by the use of a gaseous 
inhibitor. This gaseous inhibitor can be added in many forms: by simple 
air entrainment or by, as he said, precoating of the particles, but this should 
be done in such a way that the total water content for the concrete should 
not contain more than 54 gal. of water per cu yd. 

Mr. Chertkof states that vigorous mixing results in having too much air 
entrapped and that the entrapped air would weaken the concrete. There 
are many cellular concretes in the market that make use of no aggregates 
whatsoever. The strengths are comparable to other concretes using light- 
weight aggregates. 

Mr. Chertkof states that the perlite industry is interested in selling aggre- 
gate and not air. However, the buyer of the aggregate is interested in develop- 
ing a satisfactory lightweight concrete at a minimum cost to himself. He also 
states that the excessive amount of ‘water does not necessarily reduce the 
strength of concrete. In our investigation, this excess water gradually leaves 
the concrete, leaving in its place possible voids. The amount of water re- 
maining to each bag of hydrated cement is approximately 20 lb per bag of 
cement. 

I believe Mr. Chertkof is very optimistic when he states that every cubic 
yard of concrete will eventually have a certain percentage of perlite. For 
certain conditions, perlite additive has been beneficial; for others, results are 
not too satisfactory. 
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Minimum Bar Spacing as a Function of Bond 
and Shear Strength* 


By PHIL M. FERGUSON, ROBERT D. TURPIN, and J. NEILS THOMPSON$§ 


SYNOPSIS 


Results of investigations to establish minimum allowable bar spacings 
in reinforced concrete members are reported. This required considerable 
study on what bond strengths could be developed without any special pro- 
visions against splitting from the action of radial forces induced in the concrete 
by the inclined compressive forces set up by bearing of the lugs of deformed 
bars. An eccentric pull-out test was used to measure bond strength in speci- 
mens. Results indicate conservatism in the ACI Building Code on the matter 
of minimum bar spacing under some conditions, accompanied by inadequate 
protection against failure in bond under other circumstances. 


INTRODUCTION 
Scope 


Minimum spacing of bars in reinforced concrete members subject to bend- 
ing must satisfy two distinct conditions. First, the spacing and cover must 
be adequate to transmit the bond and shear stresses necessary for beam action. 
Second, the spacing and cover must be adequate to pass the maximum size 
of aggregate. This paper is not concerned with the second requirement. 
It deals entirely with splitting due to bond stress. 

A bar may fail in bond by a longitudinal split in the concrete which releases 
the grip on the bar, or by crushing the concrete which bears against the bar 
lugs, or by shearing the concrete between the lugs. The splitting type of bond 
failure, which has received little attention in the past, is critical under some 
conditions, as shown by the following experimental investigation. Results 
indicate conservatism in the ACI Building Code on minimum bar spacing 
under some conditions, accompanied by inadequate protection against failure 
in bond under other circumstances. All experimental work used new-type 
deformed bars meeting ASTM Designation A 305,** and conclusions relate 
entirely to construction using this type of bar. 

Basis for present allowable bond stresses 

In the past few years new bar deformations have been devised and generally 

adopted which greatly reduce possible slip between the bar and concrete. 


*Presented at the ACI Sixth Regional Meeting, Houston, Texas, Oct. 30, 1953. Title No. 50-51 is a part of 
copyrighted JoURNAL OF THE AMERICAN ConcreTE INstiTUTE, V. 25, No. 10, June 1954, Proceedings V. 50. 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Sept. 1, 1954. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 

+Member American Concrete Institute, Chairman, Department of Civil Engineering, University of Texas, 
Austin, Texas. 

tAssistant Professor of Civil Engineering, University of Texas, Austin, Texas. 

§Member American Concrete Institute, Professor of Civil Engineering, University of Texas, Austin, Texas. 

**Actual height of lugs was some 20 percent greater than the minimum specified. 
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On Concrete Components 
on Concrete 


Fig. 1—Forces between bar and concrete 


Under favorable conditions, these greatly increase the so-called bond strength 
between the two materials. With smooth bars the bond strength depends 
upon adhesion and friction between concrete and steel. With the heavily 
deformed bars that are now standard, bond strength has been considered to 
depend chiefly upon bearing of lugs upon concrete and upon shearing stresses 
thus induced in the concrete between lugs (Fig. 1). These set up inclined 
compressive forces in the concrete which means that radial forces necessarily 
act against the concrete envelope. These radial forces produce tension 
splitting forces in the concrete which can limit bond strength as definitely 
as do the more commonly considered bearing and shearing stresses. 

The practical significance of these splitting forces seems to have escaped 
attention, except as a nuisance factor in testing. In the case of pull-out 
tests, spiral wire has been embedded in the concrete around the bar to absorb 
the splitting stresses (Fig. 2a) or the concrete blocks have been cast of such 
size that the plain concrete could resist the splitting forces (Fig. 2b). In the 
case of most beam tests, beam reactions have provided compressive forces 
across the potential splitting plane (Fig. 2c). 

Test results thus obtained have shown high bond strengths. The ACI 
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Fig. 2—Early bond tests with provisions against splitting of concrete 
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Building Code permits bond stresses as high as 0.10 f.’ (but not over 350 psi), 
where f.’ is the 28-day standard cylinder compressive strength. These bond 
stresses are entirely safe wherever the bar is encased in a spiral to prevent 
splitting, or is embedded in a large mass of concrete that will resist splitting, 
or wherever external forces (such as the beam reaction just mentioned) offset 
the splitting forces. But bars are often used under circumstances that do 
not meet any of these three conditions. 


Basis for this investigation 

In precast concrete members made with small aggregate, mass concrete is 
not used, spirals do not surround the reinforcing bars, and external forces 
are not always available to offset splitting forces. Hence, bond resistance 
may well be lower in these members, and the spacing of bars might be re- 
stricted by bond limitations. A laboratory investigation of such limitations 
was made at the University of Texas to establish minimum allowable bar 
spacings; this required a considerable study of what bond strengths could 
be developed without any special provisions against splitting. The con- 
clusions are in no way restricted to precast elements. 


ECCENTRIC PULL-OUT TEST 
Present test procedures 
Because of the large number of tests necessary to determine minimum allow- 
able bar spacings, careful consideration was given to what constitutes an 
adequate test procedure. 


The ordinary pull-out test, designated in this paper as the concentric 
pull-out test (Fig. 2), is not entirely realistic as a measure of bond strength 
in a beam, because it carries no shear on the splitting plane. As shown in 
Fig. 16, p. 881, any short length of beam transfers the change in bar tension 
by bond stress into a horizontal shearing stress. A considerable part of this 
shear acts on section a-—a through the bars, the section where splitting is 
most concentrated. These shearing stresses in a beam combine with the 
splitting stresses to give larger principal tension stresses, and this increases 
the probability of a splitting failure. Also, the pull-out specimen is in com- 
pression and has important bottom restraints in the form of friction forces. 
For these reasons this test gives apparent bond strengths that are too high, 
especially where splitting is an important factor. 


Although it is desirable to compare the results of any pull-out test with the 
behavior of bars in beams, simple span beams are not actually ideal test 
specimens for investigating the effect of splitting stresses. The simple beam 
reaction automatically tends to cancel out the critical splitting; yet this 
element of strength, increasing the bond resistance, is not available everywhere 
in actual concrete structures. Diagonal tension failure and bond failure in 
such beams are closely related and easily confused. Also, some bar spacings 
and corresponding beam widths are inherently weaker in diagonal tension 
than in bond. Hence, not all spacings that one might wish to investigate in 
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a beam can be made certain to fail in bond without addition of special diagonal 
tension or shear reinforcement that will itself modify the bond resistance. 


Procedure in these tests 

The eccentric pull-out test (Fig. 3, 4, and 5) was devised to give a relatively 
simple test that would simulate the worst beam conditions. The pull is 
eccentric on the specimen but concentric on the hemispherical bearing block. 
At the same time any external compressive forces on the splitting section are 
eliminated. Results from eccentric pull-out tests are close to the bond 
strengths found from beam tests designed to avoid splitting restraints. 


TESTS AND RESULTS 
Effective bar spacing 


The first large group of tests were made with two-bar specimens at various 
spacings and cover. In resisting splitting, the cover concrete (dimensioned 
as C in Fig. 3), assists the spacing concrete between bars. Tests showed essen- 
tially the same strengths obtained for a given over-all width whether the 
clear bar spacing S was small (or even zero) or whether it formed a normal 
part of the width. Accordingly, results are reported not in terms of clear 
bar spacing S, but in terms of the total concrete per bar on the splitting 
section, 7.e., on the basis of what is here called the “effective bar spacing,” 
which for two-bar specimens is S’ = (2C + S)/2 = C + 8/2. (Notation is 
shown in Fig. 3.) For many closely spaced bars, effective bar spacing is 
only slightly greater than clear bar spacing, but the difference is considerable 
for a small number of bars. 
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Fig. 4 (left}—Typical two-bar eccentric pull-out specimen. Fig. 5 (right)—The eccentric pull-out 
specimen is clamped into this holding device. Dotted lines show specimen shape 


Various spacings used are shown in Table 1. The smallest effective bar 
spacing used was 0.5D, where D is the bar diameter, representing two #6 
bars in contact with 0.375-in. cover on each side and the bottom. The largest 
two-bar specimen had an effective bar spacing of 2.33D, representing two #6 
bars in an over-all width of 5 in. For larger spacings, single bar specimens 


were used, in which the effective bar spacing became S’ = 2C, with values 
up to 9D. 


Concrete 

All concrete was made with high early strength cement and aggregate 
having a maximum size of 44-in. A concrete mix using 6 sacks of cement 
per cu yd of concrete and having a water-cement ratio of 6.93 gal. per sack 
was used for most of the eccentric pull-out specimens and for all the beams. 
Some eccentric pull-out specimens were made from a mix using 10 sacks of 
cement per cu yd of concrete with a water-cement ratio of 4.05 gal. per sack. 

Although specimens were tested at various ages, the majority of the 230 
puli-out specimens and all of the 42 beams were tested at 8 days. With high 
‘arly strength cement, the 8-day period was enough to develop the major 
part of the expected strength and was still short enough to give considerable 
flexibility when changes in the program became desirable. The early specimens 
were kept moist for the entire 8 days, but this was later changed to 7 days 
moist curing plus | day exposed to laboratory air. This slight change was 
made to agree with the schedule that was found necessary for the beam tests. 
Cylinder strengths for the 6-sack mix at 8 days averaged about 4200 psi; 
the 10-sack mix averaged about 7500 psi. 
Results of eccentric pull-out tests without stirrups 

Loading tests on eccentric pull-out specimens included slip readings at the 
loaded and free ends and took from 10 to 20 min. to bring to failure. All 
specimens failed at relatively low bond stresses. 

For specimens without stirrups, the observed slip at the unloaded end prior 
to reaching maximum load was 0.0001 in. or less in over 60 percent of the 
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Stirrups 
where used 








cine 


TABLE 1—ECCENTRIC SPECIMEN DIMENSIONS 





Effective } Nominal | Cover,C, | Outside dimensions, in. J-stirrupst (heavy) 
bar spacing,* | clear spacing, in. |—— -— _ -+-- - j - — 
Ss’ S, in. t Ww | 6-sack mix 10-sack mix 


Double bars, 2- #6, D = 0.751 


0.375 500 
0.375 . 500 
0.500 .625 
0.656 781 
0.750 875 
1.000 2.125 
1.250f 375 


Double bars, 2 


0.250 0.375 .37i No stirrups 
0.375 | 0.438 | 433 | 2.2 | No stirrups 
0.625 | 0.438 | 433 2.5 | No stirrups 
0.875 0.724 } 73 No stirrups 


Single bars 


j 
Effective Nominal bar | Bottom cover, Side cover, Outside dimensions, in. 
bar spacing* diameter, D, in. iy } C, in. | --$ ~——-— --— —- -—— 
| | t Ww 
0.75 } .750 | 1.875 
Varies 125 Varies 
Varies | ‘ j Varies 
1.50 | .25 | 2.50 
Varies 2.125 Varies 
Varies , Varies 
0.5 Varies 2.2! | Varies 


} 
' 


25 
00 
00 
00 


00 


er erence ote ho 


*In terms of bar diameter D, 

TStirrups only in specimens specially noted (specimen length equals 9 in.). Light stirrups wherever used: 
two %-in. round U in 9 in. length. Medium stirrups wherever used: two #2 U-stirrups in 9 in. length. 

tSome specimens had smaller S and larger C, same W. 


tests and 0.0005 in. or less in over 80 percent of the tests. Only some 3 percent 
showed a slip greater than 0.0050 in. before the load capacity reached its peak. 
Most of these failures were sudden and complete, by splitting or a combination 
of shearing and splitting. Specimens with small bar spacings usually failed 
without any prior slip as a warning. On the other hand, 90 percent of the 
specimens with stirrups showed some slip prior to failure, and failure was 
not usually so sudden. Maximum load was reached after slips greater than 
0.0050 in. in about 20 percent of these specimens, but even for these the 
load at 0.0050 in. slip averaged 95 percent of the maximum. 





MINIMUM BAR SPACING 875 


Most of the eccentric pull-out tests represented bars embedded 9 in. 
Ultimate bond stress was calculated as though it were uniformly distributed. 
Fig. 6 shows the average bond stress developed at failure when no stirrups 
were used, based on a 12 diameter embedment of bar and the number of 
specimens shown at the top of the figure. No corrections have been applied 
for variations in concrete strength. Some correction would be proper, but 
bond strength does not increase as rapidly as cylinder strength within the 
range of these tests, and the law of variation is not well established. Average 
cylinder strength is listed below each plotted point. 

It should be noted that all these test data are much lower than would be 
desirable for the present 350 psi design stress in bond; effective bar spacings 
of less than 2D failed before reaching even the 350 psi design stress. This 
indicates that further study needs to be given to this part of the ACI Building 
Code. 


Beam tests 

Although the eccentric pull-out test was intended to simulate the worst 
beam action, spot checks were made with tests on actual beams for verification. 
Three types of beams were used, each designed specifically to avoid external 
compression forces across potential splitting planes. 

Two series of beams, identified as the A series and B series, had a consider- 
able increase in width above the bar level which provided shoulders on each 
side (Fig. 7 and 8). The reactions were applied directly on these shoulders. 
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Effective Bar Spacing 
Fig. 6—Bond strength—6-sack mix at 8 days with bars imbedded 12 diameters 
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Fig. 7—Beam A1 in testing 
machine. Note that reactions are 
supported on beam shoulders 





Fig. 8—Early type beam. SR-4 

gages on exposed section of bars 

are covered with wax for moisture 
protection 


Bar tension causing bond failure was measured with SR-4 gages applied to a 
smooth exposed section of the bars. 

The C-type beam was supported at one end on a reinforced monolithic 
headwall or cross beam (Fig. 9). This type of beam was supported by re- 
actions on the headwall well away from the bars under test (Fig. 11). One 
of these reactions under the headwall can be seen on the right side of Fig. 10. 
At the other end of the beam the reaction directly under the bars was enough 
to increase both bond and diagonal tension resistance at that end and to 
cause failure always to occur at the headwall end. Some of the C-type beams 
had shoulders like the B type that provided extra diagonal tension resistance; 
others were of ordinary rectangular cross sections. Extra web reinforcement 
above the bars was used in a number of cases to force a bond failure where 
diagonal tension weakness was suspected. 


Fig. 9—C-type beam with supporting headwall 
(beam C10) 
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Fig. 10 (left}—Beam CQ in testing machine 


Fig. 11 (above)}—Beam C1 inverted after fail- 
ure. Supports were at points marked X 


Most of the beams gave definite bond failures as shown in Fig. 11 where 
the concrete is shattered and Fig. 12 where the concrete has split off. Where 
the failure was gradual, it was noted that the splitting cracks always started 
at the inside face where the bar stress was highest and progressed under 


further load increments toward the ends of the beam. <A few beams gave 
diagonal tension failures; a few others looked like diagonal tension failures, 
but were proved by bar slip observations to be failures in bond. 

Bond stresses from the beam tests, based on measured steel stresses, have 
been plotted as circles on Fig. 13, for comparison with the general curve of 
Fig. 6. It will be noted that most of these results are slightly higher than 
the eccentric pull-out tests, usually less than 10 percent higher. 

It is suspected that bond stress concentration toward the outer end of 
the bars explains the low values shown in Fig. 13 for beams C2 and C9. 
(Such concentration of bond stress was measured in the case of beams with 
stirrups. Beam tests with stirrups were generally not definitive as to bond 
because of diagonal tension complications.) Beam C20 also falls 105 psi 


Fig. 12—Short length beam B8 after failure 
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Fig. 13—Beam tests compared to eccentric pull-out tests—6-sack mix at 8 days 


or 15 percent below the curve value, possibly due to a change in bar size, 
possibly to other causes. This beam was made with a #11 bar, whereas the 
general curve in this area was established from #4, #5, and #6 bars. 

On the whole, these beam tests lend confidence to the results from eccentric 
pull-out tests. Where there is a sizable difference, as with beams C2 and C9 
and possibly C20, it should be noted that the beams always give lower values. 
The beams definitely confirm the general low bond strengths obtained from 
eccentric pull-out tests. 


Effect of age and concrete strength 

Fig. 14 shows the results of eccentric pull-out tests for other ages and con- 
crete mixes, all without stirrups. It is noted that a high strength concrete 
(f.’ = 7880 psi) does give greater bond or splitting resistance, but all values 
are low when compared to a working stress of 350 psi. The 73 percent in- 
crease in cylinder strength over the average for the comparable specimens 
with the 6-sack mix resulted in a bond strength only 32 percent larger, on 
the average. 

Fig. 14 also shows the results of four concentric pull-out tests which are 
decidedly higher but still show the splitting weakness with small effective 
bar spacings. These specimens were identical in width and cover with the 
eccentric pull-out specimens of the same effective bar spacing, but were 
symmetrical about the bars. It should be noted that the difference between 
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Fig. 14—Ultimate bond strengths from pull-out 800 
tests, eccentric specimens unless otherwise noted 
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comparable concentric and eccentric pull-out tests is large. Concentric 
test values are from 55 to 180 percent higher than those of the corresponding 
eccentric test. 

Stirrups increase splitting resistance, as shown in Fig. 15. The curve 
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marked ‘‘medium stirrups’’ represents specimens with #2 U-stirrups at 4.5- 
in. spacing, giving a shear capacity, by the ACI Code, that varied from 0.075 
f.’ for small width specimens to 0.0505 f.’ for wide specimens. The “heavy 
stirrup” curve represents specimens with unusually heavy stirrups, from 10 
to 70 percent heavier than required for a shear of 0.08 f.’. With the 10-sack 
mix, heavy stirrups increased the bond capacity to nearly three times that 
for plain concrete; for the 6-sack mix they about doubled it. The difference 
is probably due to the heavier stirrup steel used for the stronger concrete. 


Even with stirrups, the bond strengths found are not adequate to provide 


a factor of safety of 2.5 on the bond working stress of 350 psi, except in a few 
extreme cases. 


DISCUSSION OF RESULTS 
Effect of bottom cover 


The radial splitting forces indicated in’ Fig. | can cause splitting on any 
weak plane. For a beam with closely spaced bars, the horizontal plane 
through the bars is the weakest. For wider bar spacings, splitting could 
theoretically occur on a vertical section through a bar. Some failures did 
occur this way, but the large mass of the specimen (or beam) above the bars 
seemed to restrain such action. Tests with varying bottom cover were run, 
with the expectation that ultimate strength might increase as cover was 
increased from 0.5 to 0.75 to 1.5 in. Some specimens with larger bottom 
cover gave higher bond strength, but generally the effect was so small that 
the normal scatter in individual specimens completely obscured any possible 
regular pattern. It is believed that vertical sections through the bars proba- 
bly become the weak splitting sections at effective bar spacings of 6 to 9D, 
depending upon the amount of cover involved. However, the width factor 
seems to have been dominant in these tests, with variation due to bottom 
cover (near the upper range of spacings only) of 10 percent or less. 


Effect of bar embedment 

It is well established that total bond strength does not increase directly with 
embedment length, that is, the unit bond strength on a 20 bar diameter em- 
bedment is considerably lower than for a 10 bar diameter embedment. The 
results of these tests are less conclusive. At small spacings, a series of #4 
bars embedded 9 in. gave almost the same values of bond strength as did #6 
bars of the same length, in spite of the fact that the embedments were 18 and 
12 diameters, respectively. Shorter embedments were not investigated in 
this lower range of bar spacings. For effective spacings of 5.67 to 9D, 
specimens 5.5 in. long gave bond strengths from 2 to 12 percent larger than 
specimens 9 in. long. 


Further exploration of this variable would be desirable. Since the attempt 
was made to draw the curve of Fig. 6 for a 12D embedment without all data 
being for exactly this length, some small uncertainty exists as to the exact 
bond values chosen for 7 and 9D values. If the values were based on the 
9 in. length for all bar sizes, disregarding the varying number of diameters 
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Fig. 16—Beam stresses 
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embedment produced, the curve would flatten out a little more in this area. 
On the other hand, it should be noted that the concrete cylinder strength 
in this area is nearly 9 percent lower than that for the small spacings, and 
this already tends to flatten the curve somewhat. 


Relationship between bond stress and diagonal tension 

A study of these results indicates that there is a close relationship between 
bond and shear or diagonal tension. In an ordinary beam the two types of 
stresses are related mathematically as follows. 


If a short Ax length of beam is considered (Fig. 16), the change in bar 
tension A7’ must be developed in bond; this same AT is also a measure of 
horizontal shear stress. Thus 

uto Ar =vbAr 

uto =vb 
where unit bond stress, psi 
total perimeter of bars, in. 
unit horizontal shear, psi 
beam width, in. 
effective bar spacing (clear), in. 
number of bars 
= bar diameter, in. 
b=N(D+8’, to = NxD 
This value of 6 and Yo, substituted in the equation above, gives: 
uN«xD=vN(D4+8’ 
D+ 8S’ 

xD 
Without stirrups, the allowable v (based on diagonal tension) is 0.03 f.’.. This 
value of v substituted in the above equation indicates the ultimate u that can 
be utilized without stirrups is limited by shear to 


an 0.03 fc’ x D+ S = 0.00955 f.’ {1 + Ss" (1) 
u= ra D = 0.00955 f. D oF “Te ; 


) Rd 


For a given f.’, this is a linear equation in terms of S’, as plotted in Fig. 17. 


Permissible bar spacing 

The ultimate bond strengths of Fig. 6 for concrete without stirrups in the 
range of f.’ = 4000 to 4500 psi look restrictive, deceptively so. In Fig. 18 
this curve has been reproduced and an additional scale of ordinates has been 
supplied representing the indicated allowable working stresses in bond when 
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Fig. 17—Limitations placed on unit bond stress 
by an allowable v = 0.03 f.’ 
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a factor of safety of 2.5 is required. This would seem to limit unit bond 
stresses to from 70 to 295 psi for effective bar spacings from 0.5 to 9D, but 
the next paragraph indicates that this is less serious than it might sound. 
This curve also seems to question the validity of the ordinary one diameter 
or 1 in. minimum clear spacing rule. There is no break point anywhere on 
the curve that could set a logical minimum. 

A dashed straight line has been drawn in Fig. 18 to represent Eq. (1) which 
indicates the automatic limitation placed on bond stress by limiting v to 
0.03 f.’ for an f.’ of 4000 psi. The actual f.’ was generally somewhat more 
than this; hence the dotted broken line has been added with each point 
calculated from the average cylinder strength for that point. Close agree- 
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Fig, 18—Comparison of bond and shear restrictions—6-sack mix at 8 days 
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Fig. 19—Bond strength of 10-sack 

mix concrete compared to limits 

placed by v = 0.03 f.’ and 
v = 0.095 f.’ 
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ment between these curves seems to indicate that splitting failure and diagonal 
tension are closely related. At least for this f.’ (4000 to 4500 psi) it can be 
stated that any effective bar spacing, no matter how small but not exceeding 
5 or 6D, will be satisfactory in bond if the unit shear v does not exceed 0.03 
f.’. The only limitation on this statement is that the width on which v is 
calculated must not be greater than that at the level of the bars. This may 
sound like an odd way to state a minimum spacing rule, but these curves 
show that for this case bond can control only for'large bar spacings, while 
shear controls for small spacings. 

These curves also show for this f.’ that bond stress on spacings exceeding 
5 or 6D can be troublesome and in cases comparable to these tests should be 
limited to values lower than the present allowable of 350 psi, probably to 
values of 250 to 300 psi. 

Unfortunately, results for the 10-sack mix, f.’ = 7880 psi, do not work 
out quite so simply. Fig. 19 shows the comparable curves, which cover only 
small effective bar spacings. For the range tested, the bond stress would 
be safe if the unit shear were limited to 0.025 f.’ instead of 0.03 f.’.. Two 
of the authors have pointed out elsewhere* that 0.03 f.’ seems too high for 
diagonal tension safety with high strength concretes. Hence the 0.025 f.’ 
value is not wasteful from the point of view of diagonal tension alone; it 
may even be too high. The use of this 0.025 f.’ shear limit is recommended 
to avoid a difficult allowable bond specification for small effective bar spacings. 

With stirrups, bond resistance is greater because stirrups help resist the 
splitting stresses. But Fig. 20 and 21 show that shearing stress limitations 
will not be enough protection against bond, even for small bar spacings. 
Allowable bond stresses in general 

Within the limitations of these tests there is strong evidence that the 
splitting of the concrete surrounding a deformed bar may constitute a greater 
hazard to the usefulness of a flexural member than previous investigators 
have recognized. In other words, where splitting is a factor, these tests 


*Ferguson, Phil M., and Thompson, J. Neils, “Diagonal Tension in T-Beams Without Stirrups,”” ACI Journat, 
Mar. 1953, Proc. V. 49, p. 665. 
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Fig. 20—Comparison of bond and 

shear restrictions with medium 

stirrups (two #2U-stirrups in 9 in. 
length) 
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seem to indicate that an allowable bond stress as high as 350 psi may provide 
an inadequate factor of safety. The discussion above indicates that indirect 
protection is provided under certain conditions by allowable shear specifi- 
cations. Elsewhere, with splitting unrestrained, the allowable bond stress 
would be a function of the effective bar spacing, concrete strength, and the 
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Fig. 21—Comparison of bond and 
shear restrictions when stirrups are 
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stirrups provided, with values considerably lower than 350 psi. Even with 
reduced stresses, it should be noted that there would be many structures 
where bond would still not control. 

Where splitting is not a factor, that is, in mass concrete and over the end 
reactions of simple spans, the present ACI specification appears entirely 
adequate. 

Are there actual cases in practice where lower bond stresses should be 
specified? Further investigation is definitely needed to verify and map such 
areas with certainty, but the following are suggested as spots where splitting 
would appear to be a factor that could be important: 

1. Almost any point on negative moment steel, without stirrups. 

2. Positive moment steel near the points of inflection in continuous spans. 

3. Almost anywhere an anchorage length for a definite stress is required (except in mass 
concrete). 

(a) Stirrup lengths above or below mid-depth of the beam. 
(b) Tension lap splices. 


It would be desirable to have tests on all these areas, but such a program 


is difficult and lengthy and has not been attempted as yet. However, a few 
pilot tests have been performed on splices which definitely demonstrate 
splitting weakness for at least this one case. 
Tests of splices 

Four rectangular beams, each reinforced with two #6 bars, both spliced 
by lapping at midspan, were tested with essentially third-point loading 
such that the splices fell in a constant moment section. All failed by splitting 
of the concrete as shown in Fig. 22. Fig. 23 shows the exposed bars after 
the cracked concrete was removed. This splice had 1% in. clear cover, 1 in. 
(nominal dimension) clear between bars, a 16-in. (21D) lap, and f.’ = 4470 
psi. A 14.3D lap should develop the bar strength according to the ACI 
Code. Nevertheless, this beam with 50 percent longer lap developed a 
calculated steel stress of only 46,200 psi (actual stress probably under 40,000 
psi) and a calculated bond stress of 540 psi. The other three beams had the 
theoretical 1l-in. laps (14.7D) and various spacings. They failed at about 
the same bond stress, with the maximum calculated steel stress only 36,600 
psi. 


Fig. 22—Failure of beam D4 with a 21.3D Fig. 23—Beam D4 after removal of loose con- 
lap splice crete. Arrows mark the ends of the bars 














886 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1954 


Further tests on splices are now under way, because present design standards 
seem definitely inadequate. Since shearing stresses around splices differ 
considerably from those at the usual critical bond sections, it is not expected 
that exactly the same values of bond strength will be found for this case as 
for the eccentric pull-out tests. Nevertheless, the ultimate bond stress of 
540 psi on the splice seems to be of the same order of magnitude as was found 
from the eccentric pull-out test (Fig. 6). At least for the case of splices with 
normal cover (and no stirrups) these tests show that the present allowable 
bond stress of 350 psi is clearly not justified. 


CONCLUSIONS 


Within the limitations of these tests, the following conclusions seem to be 
reasonably well established for concrete made with 44 in. maximum size 
aggregate. 

1. Splitting as a factor in bond strength. 

When splitting is not prevented by external forces, special reinforcement, or a large mass 
of concrete, such splitting appears to lower over-all bond resistance. A careful restudy of 
this element of design seems justified since in most bond tests attention has been largely 
centered on specimens reinforced or restrained against splitting. 

2. Testing provedures. 


(a) The authors believe the eccentric pull-out. test provides a reasonable measure of bond 
strength as it occurs in beams where splitting is possible. 

(b) Simple span beam tests for bond strength become seriously involved with diagonal 
tension failures unless the beam is artificially strengthened against this type of failure. If 
stirrups are used for this purpose, splitting is prevented and higher bond strengths are obtained, 
strengths that are not available unless the stirrups are present. 

3. Minimum bar spacing. 


(a) The 1 in. or one bar diameter minimum spacing rule does not represent a significant 
point in the allowable bond curve, nor does it represent a dimension that assures adequate 
bond strength. Although bond strength is lower for close bar spacings, the real minimum 
spacing should be based on aggregate size alone; bond stress needs separate consideration 
in any case. 

(b) For f.’ around 4000 to 4500 psi and no stirrups, the allowable shear limitation of 0.03 
f’. is the only limitation needed upon the minimum spacing of bars, other than that imposed 
by the size of the aggregate. Very small spacings are then as strong as needed in bond. 
(Large clear spacings, above 5 or 6D, are not adequately protected against bond failure by 
this shear stress.) 

(c) For f.’ about 7900 psi and no stirrups, the minimum spacing is adequately protected 
if v is limited to 0.025 f.’.. This reduced v limit is recommended for this purpose. Effective 
bar spacings greater than 1.5D were not investigated. 

4. Allowable bond stress. 


(a) Wherever splitting is prevented, the present ACI Building Code values for bond 
appear adequate, for example, in mass concrete and over the reactions of simple spans. 
(b) Splitting appears to be almost unrestrained at: 
(1) Most points on negative moment steel (without stirrups). 
(2) Points on positive moment steel near the points of inflection. 
(3) Anchorage lengths (except in mass concrete) where a definite stress must be 
developed, such as: (a) stirrup lengths above or below mid-depth of beam or 
(b) tension lap splices. Tests have confirmed the splitting at tension lap splices. 
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(c) Where such splitting is possible, the present allowable bond stress (up to 350 psi) 
appears to be higher than these tests will support. Permissible bond values, where splitting 
is possible, seem to be dependent upon bar spacing, mix, stirrups, and other factors. A few 
combinations might even warrant the present value of 350 psi. 

5. Lap splices in tension. 

Lap splices in tension have too low a factor of safety (apparently as low as 1.7) when designed 
by present specifications. A proper allowable bond stress for splices (in the absence of stirrups) 
has not been definitely determined but is near 225 psi for f.’ = 4000 psi. This matter is under 
further investigation. 

6. Bottom cover. 

With wide bar spacings the bottom cover under the bar is probably a factor in determining 
the bond resistance, but this factor has not been evaluated. 
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Disc. 50-51 


Discussion of a paper by Phil M. Ferguson, Robert D. Turpin, and J. Neils Thompson: 


Minimum Bar Spacing as a Function of Bond 
and Shear Strength* 


By K. HAJNAL-KONYI, C. A. WILLSON, and AUTHORS 
By K. HAJNAL-KONYI+ 


The tendency of deformed bars to split the surrounding concrete is an in- 
evitable consequence of their improved bond. Full advantage of high bond 
strength can only be taken if failure by splitting is safely avoided by an 
appropriate arrangement of the reinforcement. The paper shows that the 
cover to the bars is of hardly any influence and that the most important 
factors are the provision of stirrups and the spacing of the bars. 

It is rather surprising to European engineers that in the United States 
beams without stirrups are used. Both on the Continent and in Great Britain 
it is standard practice to provide stirrups in beams irrespective of the magni- 
tude of the shear stresses (e.g., according to the German code it is compulsory 
to use stirrups in beams). 

While in the pull-out tests some specimens were made with and some 
without stirrups, in the beam tests apparently all specimens were left with- 
out stirrups from the point of view of bond failure. As stated in the paper, 
“extra web reinforcement above the bars was used in a number of cases to 
force a bond failure where diagonal tension weakness was suspected.” It 
is obvious that these stirrups had no influence whatever on the prevention 
of splitting of the concrete surrounding the longitudinal reinforcement (see 
Fig. 11 and 23). Thus none of the beam tests is applicable to what European 
engineers would consider practical cases. It can hardly be doubted that the 
result of beam D4 illustrated in Fig. 23 would have been quite different if 
stirrups had been provided at the lap. 


The writer recently made a number of tests on beams with cold worked 
deformed bars.f Of these, the results of two pairs of beams are of interest in 
connection with the present paper. Fig. A shows the cross section and method 
of loading of beams B3, B4, L1, and L2. The quantity of stirrups was gov- 
erned by the requirement that failure by diagonal tension should be avoided. 
This has been achieved since all four beams have failed by practically reach- 
ing the ultimate strength of the steel and, in fact, in beams L1 and L2 the 


*ACI JournaL, June 1954, Proc. V. 50, p. 869. Disc. 50-51 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Institute, V. 26, No. 4, Dec. 1954, Part 2, Proceedings V. 50. 
+Consulting Engineer, London, England. 
tHajnal-Kényi, K., ‘Recent Research on Deformed Reinforcing Bars,"’ The Reinforced Concrete Review (London), 
I. 3. 
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METHOD OF LOADING OF BEAMS 


Fig. A—Cross sections of test beams and method of loading of beams 





bars fractured when the test was continued beyond the maximum load. The 
relevant data and test results are summarized in Table A. 

All bars protruded beyond the ends of the beams and were controlled by 
dial gages. None of the bars showed any sign of slipping. Slight longitudinal 
cracks, indicating a tendency toward bursting, appeared in the central ranges 
of the beams where theoretically no bond stresses occur and where the bars 
were stressed to their ultimate strength. They did not appear in the ranges 
of maximum bond stresses where stirrups at close spacings were provided. 

It should be noted that the concrete strength was much lower throughout 
than in the tests described in the paper. Converted into cylinder strength, 
f-’ in beam B4 was below 2000 psi, 7.e., less than half of the average reported 


TABLE A—SUMMARY OF TEST RESULTS 


. Beam mark B3 B4 

. Tensile reinforcement, percentage* 0.65 0.65 
3. Effective bar spacingt 2.52 2.52 

. Embedded length to loading pointst 43.6 43.6 
5. Average cube strength, psi | 3640 2390 
}. Average ultimate strength of steel, psit 96,880 | 95,540 
. Maximum sustained load, kips 56 56 

. Steel stress at failure, psi§ 95,480 95,480 
. Maximum shear stress on concrete, psi 620 620 

. Maximum local bond stress, psi** 687 687 

. Factor of safety for fs = 33,000 psi 2.89 2.89 
2. Bond stress at working load, psi 238 238 


*Based on pore" dimensions. 

tin terms of bar diameter D. 

tEach bar was tested. 

§Calculated by the standard method, n = 15. 


Vv 
**Calculated by u = Soja 
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in the paper. Nevertheless, the bond stresses reached in the beams compare 
well with the values for “heavy stirrups” in Fig. 15. It should be borne in 
mind, however, that the figures in line 10 in Table A do not represent bond 
strengths since none of the bars slipped at the stresses reached. These might 
have been exceeded if the tensile strength of the bars had been greater or the 
distance between support and loading point shorter. 

In the writer’s opinion, structures should be so designed that if they are 
loaded to collapse, failure by bond, diagonal tension, or compression (except, 
of course, for compression members) is avoided under any circumstances. 
The latter mode of failure is automatically excluded by adherence to the 
present codes in all countries, but to exclude the possibility of failure by 
bond and diagonal tension, more severe specifications regarding stirrups and 
bar spacings are necessary than those in the present ACI Code and in several 
of the European codes. 

More research is needed for the establishment of safe limiting values. It 
is probable that the diameter of the bars is also of great influence and condi- 
tions become more critical with increasing diameter. The result of beam 
C20, of the paper, is an indication in this direction. It would be desirable to 
‘arry out tests on beams with the maximum size bars available, but tests on 
beams with deformed bars without stirrups would be a waste of effort since 
it is a foregone conclusion that their results cannot be satisfactory. 

The writer definitely disagrees with the suggestion in item 5 of the con- 
clusions that ‘‘a proper allowable bond stress for splices (in the absence of stir- 
rups)* ...is near to 225 psi for f.’ = 4000 psi.”” No splices of deformed bars 
should be permissible without an adequate quantity of stirrups. 

The same applies to all parts of a structure enumerated in item 4 of the 
conclusions. The remedy should be the provision of stirrups and a more 
severe limitation of bar spacings to prevent splitting of the concrete rather 
than a reduction of the bond stresses which, as the paper seems to indicate, 
are not excessive if splitting of the concrete cannot occur before the full 
stress in the steel (yield point or ultimate strength according to the quality 
of the bars) is developed. 


Submitted for the Committee on Reinforced Concrete Research of 
American Iron and Steel Institute by C. A. WILLSONTt 

This paper seems to be a condensed version of a paper, ‘“‘Minimum Spacing 
of Bars in Precast Elements, Part II,’ presented by the same authors in 
August, 1953, as a bulletin of the University of Texas. If this is a study of 
bar spacings in precast elements, there should be some reference to ‘“ Mini- 
mum Standard Requirements for Precast Concrete Floor Units (ACI 711- 
53)’"! and to the paper “Spacing of Moment Bars in Precast Joists,”’ by 
Menefee and Kinnier.2 However, the later condensed version attempts to 
cover the much broader subject of bond in general, but there is no reference 
to the extensive literature on bond. 


*Italics are the writer's. , ; usp = 
+Research Engineer, American Iron and Steel Institute, New York, N. Y. 
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In this report on a research program, a great deal of space has been devoted 
to the presentation of arguments against the further use of the allowable 
bond stresses specified in the current ACI Building Code. These arguments 
are based on the low values obtained from tests on unusual specimens. Com- 
parisons with results of other investigations lead to serious questions as to 
the validity of some of the test data. In the following discussion, attention 
is called to certain factors which may account for the low values obtained. 


As stated in the paper, this program covered the testing of 230 pull-out 
specimens and 42 beams. Such a large number of specimens would indicate 
that a broad range of variables was involved, but unfortunately, this was 
not the case. Since no tabulations of test data were included in the paper, 
reference was made to the University of Texas bulletin. Information secured 
from Appendices II, III, and IV on pp. 70 to 79 may be summarized as follows: 
(a) All 272 test specimens were made with high early strength cement and 
with aggregate having a maximum size of 4 in., (b) 252 were made with one 
mix of concrete, (c) 249 were tested at the same age (8 days), and (d) 192 
were made with the same bar size. Furthermore, out of the 208 eccentric 
pull-out specimens tested, (e) 125 failed at bond stresses under 0.10f.’, (f) 
101 failed at bond stresses under 0.08/f,’, and (g) 39 failed at bond stresses 
under 0.05f.’.. (h) In addition, out of the 42 beams, 15 specimens (three 
with stirrups) failed at bond stresses under 0.08f.’. Since bond stresses at 
failure normally vary from 0.20f.’ to 0.30f.’, these values are quite startling. 

Throughout this program the test specimens were designed in such a way 
as to cause unnatural rotations under load applications, thus creating pro- 
gressive localized excess strains which resulted in an abnormal splitting 
action. While such an action must have been planned intentionally, it does 
not simulate the circumstances encountered in practice. In addition, most 
of the specimens were tested in a damp condition which reduces bond strength 
as compared to dry specimens.’ Furthermore, most specimens were cast 
with bars in a vertical position and pulled in the same direction as the con- 
crete was cast. This gives low bond strength as compared to bars as cast 
in a beam.‘ Explanatory notes accompanying these tabulations show that 
in eight cases (four pull-outs and four beams) initial shrinkage cracks were 
observed before testing began. With such a large proportion of the test 
specimens failing at abnormally low values of bond, undiscovered shrinkage 
cracks might have led to many of the other premature failures. 

The dimensions of the various test specimens have been examined to see 
how they comply with the requirements for “effective bar spacing” as well 
as the standard specifications of the ACI Building Code for minimum spacing 
and cover. A study of the data shows that only 70 of the 208 eccentric pull- 
outs and only 12 of the 42 beams complied simultaneously with the two sets 
of requirements. In this paper the authors question the suitability of beam 
tests for the study of bond, and therefore, as stated on p. 872: ‘The eccen- 
tric pull-out test was devised to give a simple test that would simulate the 
worst beam conditions.” 
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When the Committee on Reinforced Concrete Research of American 
Iron and Steel Institute was faced with the problem of devising test methods 
which might be used for the comparison of the bond effectiveness of different 
types of deformed reinforcing bars, the assistance of the ACI Committee 
208, Bond Stress, was enlisted. As a result the well-known beam test pro- 
cedure’ was developed. Tests of this type were selected because they simulate 
the actual conditions of practice and therefore are suitable for the establish- 
ment of building code requirements. Such design standards cannot be de- 
veloped from the results of tests on abnormal or unusual specimens. This 
beam test procedure was followed in great detail in all of the investigations of 
bond carried out at the National Bureau of Standards by Arthur P. Clark, 
under the Research Fellowship of the Committee on Reinforced Concrete 
Research of AISI, as reported in his paper. During 1947-48, on four different 
occasions, progress reports on the results of these tests were presented to the 
members of a special subcommittee of ACI Committee 208 for consideration. 
Additional test data bearing on the same subject were presented by C. A. 
Menzel. While these investigations were being carried out, improvements 
in the design and production of deformed concrete reinforcing bars were 
being made to meet the increasingly rigid requirements for deformed bars 
which were being developed by the concrete reinforcement subcommittee of 
Committee A-1 on Steel of the American Society for Testing Materials. 

When all of Clark’s bond tests were completed, the final results were pre- 
sented officially to the full membership of ACI Committee 208 for considera- 
tion. After approval was secured from that group, similar presentations 
were made to the appropriate subcommittee of ACI Committee 318, Standard 
Building Code, and the full membership of that committee. In due course, 
approval was granted by all of these groups culminating in the official re- 
vision of the ACI Building Code in 1951. As a net result, for the first time 
in history there was available to the users of concrete reinforcing bars a 
minimum standard specification for the deformations of these bars and a set 
of bond stress values which would apply only to bars which met those speci- 
fications. 

In conclusion: (A) this test program is insufficient in breadth of scope or 
range of variables to justify general statements of conclusions; and (B) the 
abnormal conditions set up in these tests are not suitable for the development 
or revision of standards of design practice. 
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AUTHORS’ CLOSURE 


The discussions of this paper have related entirely to bond strength and 
splitting rather than to bar spacing as such. The first two sentences of Dr. 
Hajnal-Kényi’s discussion constitute as adequate a summary of this part of 
the authors’ conclusions as can be stated in brief form: “‘The tendency of 
deformed bars to split the surrounding concrete is an inevitable consequence 
of their improved bond. Full advantage of high bond strength can only be 
taken if failure by splitting is safely avoided by an appropriate arrangement 
of reinforcement.” 

‘Further information is still needed as to what constitutes this appropriate 
arrangement of the reinforcement. Fig. 15 suggests that closely spaced stir- 
rups do add much to the bond resistance. The European use of stirrups in all 
beams, as reported, would certainly decrease the possibility of splitting. But 
stirrups may be required at spacings much closer than the usual maximum if 
they are to be fully adequate for this purpose. 

In contrast, American practice often uses beams without stirrups and 
splices without stirrups or ties. Recently some engineers have been using as 
shear reinforcement U-stirrups without hooks, and the anchorage of such 
stirrups may itself constitute a splitting hazard. Fortunately such stirrups 
are generally small bars and not closely spaced, but further investigations as 
to possible splitting would be desirable. 

Recent tests by the authors seem to corroborate Dr. Hajnal-Kényi’s ide: 
that the bar diameter may be of some larger influence than can be covered by 
expressing bar spacing and cover in terms of bar diameters. The 15 percent 
lower bond capacity of beam C20 (Fig. 13) with its #11 bar may well be a 
typical result for large bars. 

Mr. Willson’s discussion, submitted for the Committee on Reinforced 
Concrete Research of American Iron and Steel Institute, reviews the cir- 
cumstances surrounding the development of a beam test by ACI Committee 
208 and its use by Clark in the extensive studies that preceded the increase 
in allowable bond stresses. These were significant developments and AISI 
is to be congratulated on the contribution it made in this way toward better 
bars and better understanding. One of the authors had the privilege of 
visiting a number of these committee meetings and found himself in general 
agreement with the procedures used and the conclusions reached. But the 
need for further study of bond stress did not cease to exist after this investi- 
gation. Because the investigation used specimens which restricted split- 
ting, its results furnish no guide for members where splitting is a possibility. 
For such cases, a different design of specimen, one unrestricted against split- 
ting, must be devised and tested. It has been the purpose of this paper to 
report such tests. 
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This summer the authors learned of an extensive bond study made by 
Menzel and Woods and published in 1952.* The opening sentence of their 
summary states: ‘‘Comparison of the first few beam tests with their corre- 
sponding pull-out tests indicated that the bond value of a reinforcing bar 
would not be fully developed unless some sort of auxiliary reinforcement was 
used in the anchorage zone which would minimize cracking and distortion, 
maintain beam action and hold the concrete together around the bar.’’ Al- 
though this part of the discussion emphasizes diagonal tension cracks, a few 
pages later splitting is named as a parallel consideration: ““The develop- 
ment of longitudinal cracks under the bar or at the sides of the bar often 
result in splitting of the concrete around the bar and in sudden slip and failure 
in anchorage.”’ 

These statements do not contradict in any way the data presented by Clark, 
because his data were based on beams where adequate provisions against split- 
ting were incorporated. They do emphasize what the present authors are 
trying to affirm, namely, that one must exercise discretion in using the re- 
sults of Clark’s work and the present ACI Building Code. They may not be 
applicable to situations where splitting is less definitely restrained. If they 
are not applicable, the strong indication is that their use would be on the 
unsafe side. This is a relatively unexplored field and considerable further 
research is needed to establish the safe boundaries. 

The splitting tendency of deformed bars, either the old types or the new 
standard bars, is a phenomenon well known for many years. But the nuisance 
aspects of this splitting action in testing have received more attention than 
its structural significance. 

Some of Mr. Willson’s detailed statements require comment. This study 
was indeed initiated as a study of precast elements, but the paper stated: 
“The conclusions are in no way restricted to precast units.”” Thus the authors 
deem it inappropriate to include a bibliography on precast members or a 
detailed discussion or reference to bond tests carried out by different methods 
and under contrasting basic philosophies. 

Mr. Willson seems to object to the fact that some two-thirds of the speci- 
mens tested were below ACI Code standards for bar spacing and cover, ap- 
parently overlooking the fact that this was a study of minimum bar spacing. 
The small cover used in some cases did result in some shrinkage crack trouble; 
five of the eight cracked specimens mentioned by Mr. Willson had only 0.375 
n. of concrete cover. Shrinkage may have been a factor in more cases, but 
specimens were carefully watched for any evidence of this kind. Eight cracked 
specimens, out of a total of 272, represent only a 3 percent loss. 

After tabulating 125 eccentric pull-out specimens failing at an ultimate 
bond stress under 0.10 f.’, ete., Mr. Willson adds the comment: “Since bond 
stresses at failure normally vary from 0.20 f,’ to 0.30 f.’, these values are 
quite startling.”” The authors agree that the low values are quite startling, 


*Menzel, Carl A., and Woods, William M., ‘‘An Investigation of Bond, Anchorage and Re — d Factors in Rein- 
forced Concrete Beams,”’ Research Department Bulletin No. 42, Portland Cement Assn., Nov. 1952. 
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at least the first time one meets them. Although some 85 percent of these 125 
low values result from tests on substandard bar spacings, the fact that some 
specimens with standard spacing are included is significant. That corre- 
sponding low values occur for beams as well as for eccentric pull-out values, 
lends credence to the values. By way of contrast, the values of 0.20 f,’ to 
0.30 f.’ quoted by Mr. Willson can be documented only from tests where 
splitting has been restricted by a large concrete mass, by spirals, stirrups, or 
favorable beam reactions. One purpose of this paper has been to call atten- 
tion to the major strength differences such restraints introduce. 

All specimens were cast with the bars in a horizontal position and, except 
for two special beams, with the bars in the bottom of the specimen. (Mr. 
Willson’s statement that specimens were cast with bars in a vertical position 
is in error.) 

Mr. Willson also states, without proof, that “ .. . test specimens were 
designed in such a way as to cause unnatural rotations under load applica- 
tions, thus creating progressive localized excess strains which resulted in 
abnormal splitting action.””’ The terms “unnatural” and “abnormal” appear 
to be entirely unwarranted. The authors watched the progress of the eccen- 
tric pull-out tests carefully to see whether any unnatural rotations did actu- 
ally occur under load. They made many observations with dials for lateral 
movement. It was their conclusion that no significant excess or abnormal 
strains occurred. For one not close to the tests, the agreement of beam test 
values (Fig. 13) presents probably the best evidence of the validity of the 
eccentric pull-out tests. The beam tests were certainly not subject to un- 
natural rotations or factors of that kind. 

If a reader is skeptical of both eccentric pull-out and beam tests, he must 
still explain the consistent low bond strength found in the four splice beams. 
Tests on splices have now been extended to some 40 beams, all confirming 
these preliminary tests. 

Finally, the authors must limit Mr. Willson’s broad statement that“... a 
great deal of space has been devoted to the presentation of arguments against 
the further use of the allowable bond stresses specified in the current ACI 
Building Code.” Instead, conclusion 4(a) states that “wherever splitting is 
prevented, the present ACI Building Code values for bond appear adequate 

.’’ Only for situations where splitting is possible does the paper raise 
serious doubts as to the adequacy of this specification. In such cases Jower 
bond stresses or more preventive measures against splitting seem to be indicated. 

Referring to cases where lower bond stresses should be specified, the au- 
thors originally stated that ‘further investigation is definitely needed to verify 
and map such areas with certainty ...’’ Many more tests with more vari- 
ables will be necessary for precise answers to the questions raised by splitting. 
It is hoped that others will be interested in investigating these variables and 
defining the phenomenon more closely. In the meantime, some caution is 
indicated in design. In the case of splices, more conservative designs than the 
ACI Code now permits are indicated as an immediate measure. 








BY WAY OF SYNOPSIS 


Use of radioactive elements in concrete research are discussed by BRYANT 
MaTuer, E. pe Haas, and C. H. ScHoLER. 


Lightweight precast concrete pipeline stanchions in chemical plants are de- 


scribed by Arcutre C. BLACKBURN. 


A READER adds a touch of humor with more “family members’’ of 


crete’s etymological offspring. 


con- 


Radioisotope Techniques in Concrete Research (LR 50-9) 


I noted with interest the letters on ‘‘Radio- 
isotope Techniques in Concrete Research’ in 
the January Journat. I do not observe 
that Mr. Mr. Kittrell 
have included references to any such work 
having been done and it might be desirable 
their letters with such 


either Goldstein or 


to supplement 
references. 

The United States Atomic Energy Com- 
mission in August, 1951, published a 451- 
page report entitled “Isotopes—A Five-Year 
Summary of U. 8. Distribution With Biblio- 
graphy.” This report lists alphabetically the 
institutions, investigators, isotopes, and pur- 
poses for which isotopes have been distributed 
by the AEC. 

On p. 46 it is reported that isotopes have 
been provided to the U. 8. Department of 
the Interior, Bureau of Reclamation, Re- 
search and Geology Division, Denver, Colo., 
for work by H. E. Hosticka in connection 
with the following three investigations: ‘‘(1) 
Detect microfractures in concrete of various 
composition in various stages of an accel- 


erated deterioration program. (2) Study 
nature of reaction where certain rocks react 
with the alkalies in cement to form an ex- 
pansive concrete. Investigate feasibility of 
determining paths of seepage from canals. 
(3) Study sulfate reaction on concrete (con- 
templated).”’ 

Later information reveals, however, that 
none of the three investigations were carried 
beyond the exploratory stage. 

On p. 91, it is reported that isotopes were 
provided to the Physics Applied 
Mechanics Department of Kansas State 
College, Manhattan, Kan., for use by R. E. 
Hein, R. H. McFarland, and C. H. Scholert 
to “study passage of soluble salts through 
concrete.” 

A paper by E. de Haas,§ entitled “Radio- 
active Inspection of Concrete,” has recently 
been published in Ontario Hydro Research 
News. 

Another paper, “The Mechanism of the 
Hydration of Tricalcium and £-Dicalcium 
Silicate,” by W. A. G. Graham, J. W. T. 


and 


*A part of copyrighted JourRNAL oF THE AMERICAN CONCRETE INSTITUTE, V. 25, No. 10, June 1954, Proceed- 
ings V. 50. Separate prints of the entire Letters from Readers section are available at 35 cents each. Address 18263 


W. MeNichols Rd., Detroit 19, Mich. 
+See also ACI Journat, Jan. 1954, Proc. V. 50, p. 393. 
{See the following letter by C. H. Scholer. 
§See the following letter by E. de Haas. 
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Spinks, and T. Thorvaldson, Canadian 
Journal of Chemistry, V. 32, No. 2, Feb. 
1954, p. 129, tells of some work at the Uni- 
versity of Saskatchewan, Saskatoon, Sask., 
Canada. The work described involved the 
use of radioactive calcium-45 as a 
The authors end with the remark: 


tracer. 


“The work described in this paper illus- 
trates a new approach to the study of the 
mechanism of the hydrolysis and hydration 
of slightly soluble solids by the use of radio- 
active tracers. It appears that the method 
could be extended to the study of the mecha- 
nism of many other chemical reactions 


F. W. Kittrell in his discussion of 8. J. 
Goldstein’s: letter on use of “Radioisotope 
Techniques in Concrete Research” remarks 
that to his knowledge radioisotopes have not 
yet been used along the lines proposed by 
Mr. Goldstein. However, we wish to point out 
that a start has been made on the use of 
gamma rays for inspection of concrete.* 


This inspection ties in with radiography of 
metals (welds and castings) originally with 


x-rays, later also with y-rays, which has 
been a well-developed technique for a con- 
siderable time. The basic principle is the 
attenuation of radioactive through 
matter with distance according to 
I~= I, e—4 
where J, = original intensity of the radiation 
Ig = intensity after passage through a 
material of thickness d 
a constant, characteristic of the 
material 


rays 


If a value of Jz = J,/2 is assumed and 
substituted in the formula, the result dig = 
0.69/X is obtained. If the constant for the 
material is known, it is possible to calculate 
the distance diz, known as the “half-value 
layer.” This is the thickness which will 
reduce the incident radiation to half-intensity; 
every additional half-value layer will reduce 
the radiation by a factor of 2. The value of 
diz for concrete, using a cobalt-60 source, 
is approximately 2 in. 

*de Haas, E., ‘Radioactive Inspection of Concrete,” 
Ontario Hydro Research News, Hydro-Electric Power 


— of Ontario, V. 5, No. 4, Oct.-Dec. 1953, 
p. 13. 
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especially when the progress of the reaction 
can be followed independently by both 
chemical and radio-chemical methods.” 

It thus appears that studies such as were 
contemplated by Mr. Goldstein’s proposal 
No. 6 (study of cements) have gotten well 
under way at the University of Saskatchewan. 

There may be other items in the literature, 
but these happen to be immediately available. 

Bryant Matuer, Chief, Spe- 
cial Investigations Branch, 
Concrete Division, Water- 
ways Experiment Station, 
Corps of Engineers, Jackson, 
Miss. 


If the material (concrete) has an air-filled 
void with a thickness c in the direction of the 
rays, the radiation will practically 
unaltered through the void and the final 
radiation intensity J,’ is higher than the 
expected intensity Jy. The ratio 1'3/Ia is 
directly proportional to the distance ¢. In 
the case of “honeycomb” the alteration is 
proportional to ¢ (p. — p-’) where 


pass 


pe = density of sound concrete 


pe! density of honeycomb concrete 

Laboratory experiments 

To check the reliability of these theories, 
a concrete containing a 
faults was inspected by radioactive rays. 
Fig. 1 shows the formwork for the slab; the 
concrete boxes shown were used to provide 
the irregularities. Three faults 
were simulated, namely: hollow voids, wood 
inclusions, and honeycomb concrete. 


slab variety ot 


types of 


Hose connections, which extended outside 
the slab, enabled an inspection to be made 
while the voids were either empty or filled 
with water, to represent conditions which 
could occur in an actual structure. The form 
was filled with sound concrete to produce an 
apparently solid slab but which contained 
internal voids of varying size and shape. 
At the time of the investigation the number 
and location of the voids were unknown to 
the writer. 

For inspection purposes a pipe containing 
the radioactive source was placed diagonally 
under the slab. The source comprised 50 
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Fig. 1—Formwork for the concrete slab used in 
inspection of faults by radioactive rays 


millicuries of cobalt-60, equivalent in strength 
to approximately 65 milligrams of radium. 
Strings attached to the capsule permitted 
its movement to any desired location. The 
intensity of the radiation was measured on 
the upper surface of the slab by a Geiger- 
Miller counter. For each location the in- 
tensity was measured both directly over the 
source and along a line perpendicular to the 
diagonal. This of readings was 
repeated at 6-in. intervals along the pipe. 


series 


The slab was inspected from corner to 
corner, thus including an inverted prism of 
triangular cross section having a base on the 
surface of the block which extended ap- 
proximately 2 ft from each side of the center- 
line of the pipe. Actual measurements of 
intensity, determined by the counter, 
were compared with the theoretical value 
calculated for sound concrete at 
spection point. 


as 


each in- 


Two voids U and 7, having cross-sectional 
areas of 3 x 7 in. and 5 x 8 in., respectively, 
were detected (Fig. 2). One fault W was 
indicated to be a 1-in. void or several inches 
of honeycomb concrete; another area V was 
specified as doubtful and later proved to be 
a 5-in. honeycombed portion. These results 
of the isotope inspection were confirmed to 
be in agreement with the actual conditions. 
The presence of two other purposely made 
honeycombs was not revealed because the 
greater part of them lay beyond the range 
of the rays. 


Practical aspects 


Inspection of concrete by using radioactive 
rays is undoubtedly feasible for thicknesses 


* * 


* 
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up to 3 ft. For longer distances, however, 
the required strength of the source becomes 
so great that cost and acute handling diffi- 
culties make the method impractical. The 
technique of inspection considerably 
facilitated if both faces of the concrete are 
accessible; where this is not possible, pipes 
must be embedded either in or behind the 
concrete. 


is 


A major advantage of the method is that 
it can used while the concrete still 
inspection during placing allows 
faults to be corrected with minimum expense. 
A limitation is that 
feet can be checked 


be is 


plastic; 


a width of only a few 
at one time. 


E. pE Haas, Assistant Engi- 
neer, Research Division, 
Hydro-Electric Power Com- 
mission of Ontario, Toronto, 
Ont., Canada 





X= LOCATION OF RADIOACTIVE 
SOURCE 














Fig. 2—Diagrammatic plan of the concrete 
slab indicating readings of the Geiger-Muller 
counter and the location of irregularities 


* . 
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As additional information on the subject 
of “Radioisotope Techniques in Concrete 
Research,” I wish to advise that certain 
radioactive isotopes have been supplied to 
Kansas State College, Manhattan, Kan. 
We have an Experiment Station project in 
the Department of Applied Mechanics, 
jointly with the Departments of Physics and 
Chemistry, which contemplates using soluble 
alkali salts for studying the movement of 
these salts in concrete, and the movement of 
water in concrete. This project was actively 
prosecuted for about one year at the end of 
which time a shortage of funds made further 
work impossible. I still think it has tre- 
mendous value, and a number of research 
agencies have indicated that they also feel 
this way. Nevertheless, no funds have been 
made available for its prosecution. 

The writer’s thoughts in developing this 
project for study were as follows: 

1. It was, and is yet, generally assumed 
that if the soluble alkalies in cement are kept 
below 0.60 percent sodium equivalent of the 
weight of the cement that no deleterious 
results should be expected when used in 
concrete even with reactive aggregates. The 
writer immediately challenged this concept 
as not being fundamentally sound. In so far 
as we know, both sodium and potassium salts 
remain soluble in hardened portland cement 
pastes. Granting that this concentration of 
salt did not cause the reaction to occur, it 
seemed reasonable that in hydraulic struc- 
tures or other structures that where water 
may be supplied on one side of the structure 
and taken away by evaporation or absorption 
on the other side of the structure that a 
movement of the soluble salts in the con- 
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crete might readily occur, and that reason- 
ably soon a sufficient concentration of the 
alkalies might develop near the drying surface 
to cause the reaction to occur. It seems to 
the writer that this might be solved by 
introducing the radioactive isotopes of either 
sodium or potassium (K-40), preferably 
potassium which has a half-life of 4 x 108 
years. This will enable. one to follow these 
movements in concrete even though it was 
very slow. The Atomic Energy Commission 
would not release potassium for this use 
because of the danger involved. They did, 
however, sodium-22 for our. use, 
which has a half-life of three years, can be 
produced in and would still 
remain radioactive long enough to give 
quite a period of extended observations. 

2. This should also reveal the method by 
which water moves through portland cement 
concrete and cement pastes, information on 
which, in the writer’s judgement, we have 
as yet only fragmentary data. It should 
also reveal the way in which pozzolanic 
materials, which are considered to prohibit 
this action, work. That is, do they or do 
they not tie up the alkali ions, or are they 
effective in some other way in preventing 
the expansion and deterioration? 

This is about the status of our work to 
date, and we need substantial support from 
some organization basically interested in 
research if we are to carry it on further. We 
have a well-equipped isotope laboratory, with 
men who have had experience in handling 
these materials. 

C.H. ScHoter, Head, Depart- 
ment of Applied Mechanics, 
Kansas State College, Man- 
hattan, Kan. 


release 


cyclotrons, 


Lightweight Concrete Pipeway Stanchions (LR 50-20)* 


Short supplies of structural steel and un- 
certain delivery dates in 1951 were primary 
reasons for using precast lightweight concrete 
for pipeway stanchions instead of steel, 
which had been used for all overhead pipe- 
way stanchions in Dow Chemical Co. plants 
at Freeport, Texas, since their construction 
was started in 1940. The first concrete 
stanchions were erected in the early part of 


*Presented at the ACI Southwest Regional Meeting, 
Houston, Texas, Oct. 29, 1953. 


1952. These were designed for erection on 
existing foundations prepared to 
structural steel stanchions. 


receive 


Estimated costs were approximately the 
same for either concrete or steel pipeway 
construction. It was anticipated that use of 
concrete would materially reduce mainte- 
nance cost by eliminating frequent painting, 
so necessary to prevent rapid steel corrosion 
in the Gulf Coast area. 





Fig. 1 (left)}—Single tier bents with horizontal loop support in right foreground. 


— 
~ 


Right—Two 


tier bents with vertical expansion loops and bridge supports in background 


Concrete of a maximum cured weight of 
100 lb per cu ft and a minimum compressive 
strength of 3000 psi at 28 days was specified, 
using Haydite as the aggregate. Most of the 
pipeways consisted of twin column _ bents 
usually spaced at 20 ft, 6 to 10 ft wide, and 
10 to 20 ft high with two or three horizontal 
beams for supporting banks of pipe (Fig. 1). 
The tallest bent used was 32 ft high. 
single column T-head stanchions, and special 


Some 


four-column braced towers for anchor points 
and steel truss supports were used as required 
(Fig. 2). 
Diagonal and horizontal struts 
between bents were required at pipe anchor 
points, at 
supports, and at high bents supporting steel 
(These bents 
vertical pipe 


bracing 


horizontal pipe expansion loop 
pipeway bridges over roads. 
and served as 
expansion loop supports.) 


bridges also 
For erection of the stanchions, steel base 
plates were welded to the column reinforce- 
ment prior to casting, and after erection, the 
exposed base plate and anchor bolts were 
completely encased with grout. All ‘race 
and strut connections were made in the field. 
Anchor plates were cast in the bents and 
field bolts, 
welding, and then encasing in concrete. 


connections made by erection 
At present, there are approximately 300 
lightweight stanchions or 
bents in use at the Freeport plants. The 
writer would like to relate some observations 
on these stanchions with suggestions for 
avoiding indicated weaknesses in the 
stanchions as they were constructed. 


precast concrete 


Most of the difficulty incurred with con- 
crete result of 
failure of the concrete in shear as manifested 
in spalling of beam edges, shearing out of 
strut anchors, and, in one case, in complete 
failure of a beam. Compressive strength of 
the concrete was generally far above the 
minimum specified. Failures do not 


stanchions seems to be a 


seem 


to be due to any weakness in the concrete, 
but rather to improper construction and/or 
overloading. 

It was found that longitudinal column and 
beam steel was not properly placed and that 
omitted. 
After this omission was detected, a test was 


numerous ties and hoops were 


made on a high stanchion by subjecting it 
pull, calculated to 
produce a tensile stress in the column rein- 


to a measured cable 
forcement of 33,000 psi which was sustained 
for 3 hr. 
but there was no noticeable permanent de- 
formation after the 


Cracks appeared in the column, 


and the cracks closed 
load was removed. 

after the 
large pipes which it supported were tested 


full of water. It 


The one beam failure occurred 
was found that the beam 
was set high, which caused it to carry part 
of the load from adjacent beams, and, also, 
specified hoops had been omitted in casting 
this beam. 

Shear failure at brace and strut anchorage 
connections might be partially attributed to 
improper placement of reinforcement at the 
anchor plates; however, welding to the anchor 
plates caused cracking in the adjacent con- 
crete. Also, stresses which may be developed 
at pipeway expansion loops and anchor points 


as =. Oe ae land 


Fig. 2—Single column, T-head stanchions 
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are variable in direction and under certain 
circumstances may be quite high. It was 
found necessary to supplement some of the 
anchor connections with steel bands welded 
around the concrete column. 

Spalling of concrete stanchions during 
handling and erection may be reduced by 
chamfering, even though chamfering is not 
required for appearance. To eliminate 
spalling of the edges of pipe support beams, 
provision should be made for installation of 
a bearing seat down the top centerline of 
each such beam. A bearing seat would also 
serve as a convenient anchorage for pipe 
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guides where these were desired. Pipe guides 
were attached directly to the concrete beams 
with explosive driven anchors. In most 
cases this resulted in more spalling of the 
concrete. This method of fastening is not 
recommended for this type of construction. 
For simple pipeway installations, there 
seems to be no reason why lightweight, pre- 
cast concrete stanchions cannot be used 
with the expectation of economical and 
maintenance-free service. 
ArcHiE C. BLacksurRn, Civil 
Design Engineer, Dow Chem- 
ical Co., Freeport, Texas 


Concrete’s Etymological Offspring (LR 50-21) 


The first compilation of 16 words (ACI 
JOURNAL, Nov. 1950, Proc. V. 47, p. 263), 
the second of 12 more (ACI JournaL, May 
1951, Proc. V. 47, p. 752), and the third 
including a total of 122 (ACI JourNAL, Mar. 
1953, Proc. V. 49, pp. 682-684; Pit and 
Quarry, Sept. 1953, pp. 226-228), as was 
anticipated, have by no means exhausted 
either the supply or the possibilities. The 
names included in this list are those that 
have been gathered up to May 6, 1954. The 
cooperation of Aron L. Mirsky, Hartford, 
Conn., and the observations of the editor of 
Pit and Quarry about ‘cool, eye-on-the-ball 
detachment” are acknowledged with ap- 
preciation. The following 68 new arrivals in 
this fourth progress report are welcomed to 
the family which now includes 190 members. 
In addition, new information on a number 
previously listed is included. 


Word 


Aerocrete 


Where used 

(Lightweight aggregate) 
Aerocrete Construction 
Co. Ltd., Montreal, Que., 
Canada; The Engineering 
Journal, Apr. 1953, p .118 
(Note: this is the third 
separate noted use of this 
name) 

(Air-o-crete masonry units), 
Concrete Products Co., 
Petersburg, Va. 

(Portland cement), Concrete 
and Constructional Engi- 
neering, Mar. 1954, p. 118 


Air-o-crete 


Aquacrete 


Arrowcrete Arrowcrete Corp., Colum- 
bus, Ohio; Rock Products, 
Nov. 1953, p. 59 

Pit and Quarry, Sept. 1953, 
p. 233 

Blastcrete Equipment Co. 
Inc.; Roads and Streets, 
May 1953, ““What’s New,” 
No. 5 

(Plaster) U. S. Gypsum Co., 
Sweet’s File 


Biscrete 


Blastcrete 


Bondcrete 

Calk-Crete (Calking compound) Servi- 
cised Products Co.; Chica- 
go, Ill.: Contractors and 
Engineers, Apr. 1954, p. 
116 

Calsi-Crete Corp., Saginaw, 
Mich.; Rock Products, 
June 1953, p. 222 

Ceileote Co., Cleveland, 
Ohio; Concrete, Feb. 1953, 
p. 39 

(Roof slabs used on high 
school at Greensboro, N. 
C.) The Engineering 
Journal, Mar. 1954, p. 273 

Pit and Quarry, Oct. 1953, 
p. 178 

Cincon Block & Pipe Co., 
Baltimore, Md. (classified 
telephone directory) 


Calsi-Crete 


Ceilcrete 


Channelcrete 


Chucklecrete 


Cincon 


Cincrete The Cincrete Corp., Long 
Island City, N. Y.; Con- 


crete, Mar. 1953, p. 8 





Cindercrete 


Colorcrete 


Concretemen 


Concretera 


Concretex 


Concretor 


Concut 


Con Saw 


Con Saw-matic 


Corcrete 


Cover Crete 


Crecel 


Creco 


Crescrete 


Cretoids 


Curcrete 


LETTERS FROM READERS 


Cindercrete Products Co., 
Regina, Sask., Canada; 
Pit and Quarry, Jan. 1954, 
p. 286 

(Portland cement) Concrete 
and Constructional Engi- 
neering, Mar. 1954, p. 118 

Headline, Houston, Texas, 
Chronicle, Oct. 28, 1953 

Compania Anonima la Con- 
cretera, Caracas, Vene- 
zuela; Pit and Quarry, 
Aug. 1953, p. 149 

Elliot’s Concretex; Clarion- 
Ledger, Jackson, Miss., 
Apr. 12, 1953 

(Hydraulic jack) B. M. 
Heede Inc., New York, 
N. Y.; Engineering News- 
Record, Oct. 8, 1953, p. 
345 

(Saws) Concrete Sawing 
Equipment, Inc., Arcadia, 
Calif.; Contractors and En- 
ginzers, Jan. 1954, p. 124 

Clipper Manufacturing Co., 
Kansas City, Mo.; Con- 
crete, Apr. 1953, p. 50 

Clipper Manufacturing Co., 
Kansas City, Mo.; Engi- 
neering News-Record, Apr. 
1, 1954, p. 90 

(Misprint for ‘“curcrete”’ 
q.v.) Contractors and Engi- 
neers, Apr. 1954, p. 12 

(Finish plaster) National 
Gypsum Co., Buffalo, N. 
Y., Sweet’s File 

(Road jointing) Ruberoid 
Co., Ltd., London, Eng- 
land; 
structional Engineering, 
Mar. 1954, p. xxii 


Concrete and Con- 


Creco, Long Island 


1 2 


City, 


Jahneke Service Corp., New 
Orleans, La. 

(Grinding media) Helipebs 
Ltd., Gloucester, England; 
Cement and Lime Manu- 
facturer, Jan. 1954, p. iii 


(Curing compound) Con- 
tractors and Engineers, 


Apr. 1954, p. 14 


Demicon 


Drycrete 


Emeri-Crete 


Feathercrete 


Ferro-Concrete 


Ferrocrete 


Griterete 


Gun-Crete 


Helicon 


Insta-crete 


Kalicrete 


Ken-Crete 


Konseal 


895 


Demarest Engineering Co., 
Newark, N. J.; Engineer- 
ing News-Record, July 2, 
1953, p. 88 

Shield Chemical Corp., 
Verona, N. J.; Civil Engi- 
neering, June 1953, p. 114 

Walter Maguire Co., Ince., 
New York, N. Y.; Rock 
Products, July 1953, p. 34 

Aerocrete Construction Co., 
Ltd., Montreal,  Que., 
Canada; The Engineering 
Journal, Apr. 1953, p. 118 

Girlings Ferro-Concrete Co., 
Ltd.; Civil Engineering and 
Public Works Review, Mar. 
1953, p. 260 

(Brand of portland cement) 

The Cement Marketing Co., 
Ltd., England; 
Concrete and Constructional 
Engineering, Mar. 1954, 
p. Ixvii; British Columbia 
Cement Co., Ltd., Bam- 
berton, B. C., Canada; 
Pit and Quarry, Map 1952 

(Lightweight concrete prod- 
uct of the Aerocrete Co.); 
Civil Engineering, Sept. 
1953, pp. 47-48 

Gun-Crete Cement, Salem, 
Ore.; Rock Products, Mar. 
1953, p. 139 

(High strength welded mesh 
reinforcement) Helical Bar 
and Engineering Co., Ltd., 
London, England; 

Constr uctional 


Mar. 1954, 


London, 


Con- 

and 
Engineering, 
p. lvi 

(Sealer and hardener) LSU 
Report on Prevention of 
Concrete Pipe Corrosion, 
1954 

Kalicrete Portland Cement, 
Fort Whyte, Ont., Canada; 
Engineering News-Record, 
May 7, 1953, p. 24 

Ken-Crete Products Co., 
Inc., Truesdell, Wis.; Rock 
Products, Nov. 1953, p. 135 

(Curing compound) The Sul- 
livan Co., Memphis, Tenn. 


crete 
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Metallicrete 


Modern-Crete 


Monocrete 


Novacrete 


Nyce Crete 


One-Concrete 


Pak-Crete 


Precon 


Rubbercrete 


Ryancrete 


Scoot-Crete 


Snowcrete 


Spracrete 


Metallicrete Floor Co., Ltd., 
Westmont, Canada; ACI 
JOURNAL, Jan. 1954, News 
Letter, p. 21 

(Vermiculite wall panels) 
Rock Products, Mar. 1954, 
p. 65 

(Brand of portland cement) 
British Columbia Cement 
Co., Ltd., Bamberton, B. 
C., Canada; Pit and 
Quarry, Map 1952 

(Masonry paint) Homasote 
Co., Trenton, N. J.; Archi- 
tectural Record, Nov. 1953, 
p. 351 

Nyce Crete Co., Lansdale, 
Pa.; Pil and Quarry, Sept. 
1953, p. 250 

One-Concrete Inc., Wichita, 
Kan.; Rock Products, Feb 
1954, p. 148 

(Block machine) Pak-Crete 
Sales, Chicago, Ill.; Rock 
Products, Jan. 1954, p. 234 

The Co., Aurora, 
Colo.; ACI JourNnaL, June 
1953, News Letter, p. 31 

(Rubber-base concrete floor 
paint) Jackson, Miss., 
Daily News, Apr. 16, 1954 

Ryan Builders Supplies Ltd., 
Windsor, Ont., Canada; 
Concrete, Oct. 1953, p. 32 

Getman Bros., South Haven, 
Mich.; Engineering News- 
Record, May 14, 1953, p. 
118 

(White portland cement) 
Cement Marketing Co., 
Ltd., London, England; 
Concrete and Constructional 
Engineering, May 1953, p. 
1 (Note: ‘‘Snowecrete’”’ as 
used in Military Engineer, 
May-June 1950, V. 42, pp. 
176-178, refers to “the 
condition of snow result- 
ing from compaction by 
natural or 
means.’’) 


Precon 


mechanical 


Spracrete Process, 
mond, Va. 


Rich- 
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Sta-Crete 


Steelconcrete 


Steleon 


Stresscon 


Stripcrete 


Tecon 


Texcon 


Thermocrete 


Vibracrete 


Vibrocon 


Weld-Crete 


Z-Crete 
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(Waterproofing) Pioneer 
Latex and Chemical Co.; 
Hartford, Conn., Courant, 
Apr. 18, 1954, Part ITI, 
p. 8 

Steelconcrete Design and 
Construction Co., London, 
England; Concrete and 
Constructional Engineer- 
ing, Feb. 1954, p. xliv 

(Stelcon anchor slabs) Rock 
Products, Dec. 1953, p. 182 

(Post-tensioning system) 
The Engineering Journal, 
Oct. 1953, p. 1281 

Pit and Quarry, Sept. 1953, 
p. 88 

Tecon Corp., Dallas, Texas; 
Rock Products, Dec. 1953, 
p. 148 

Texas Products 
Co., Dallas, Texas 

Thermocrete Plant, Freder- 
icton, N. B., Canada; Pit 
and Quarry, Jan. 1954, p. 
237 

Concrete Building Units Co., 
Kansas City, Mo.; Pit and 
Quarry, June 1953, p. 167 

(Vibrating spade) Winget 
Ltd., Rochester, Kent, 
England; and 
Constructional Engineer- 
ing, July 1953, p. lviii 

Larsen Products Co., 
Bethesda, Md.; Pit and 
Quarry, May 1953, p. 346 

Zonolite Co., Evanston, IIl.; 
Chemical Engineering, 
Sept. 1953, p. 176 


Concrete 


Concrete 


In addition to these new listings, additional 
information is available on a number previ- 
ously listed,* as follows: 


Name 
Colerete 


Concore 


New Data 
Also Murray Colgrout Piling 
Inc., London, England; 
Concrete and Constr uctional 
Engineering, Aug. 1953, p. 
xvii 
Change “Howard Co.” to 
“Frank L. Howard Engi- 
neering Co.” 


, 


*‘Concrete’s Etymological Offspring (LR 49-16),”’ 
ACI JournaLt, Mar. 1953, Proc. V. 49, p. 682. 





Crete-O-Lux 


Cretex 


Dumpcrete 


Eternacrete 
Ferrocrete 


Hydrocreter 
Koncrete 
Krete-Koter 


Marblecrete 


Mearlcrete 


Mercrete 


Penncrete 


Permacrete 


Plastocrete 


LETTERS FROM READERS 


Change “Heywards Ltd.” to 
“Haywards Ltd., London’”’ 

(Concrete pipe) South 
Dakota Concrete Products 
Co., Watertown, 8. D.; 
Engineering News-Record, 
Oct. 8, 1953, p. 265 

Maxon Construction Co., 
Dayton, Ohio 

Change “Co.” to “Ine.’ 

(Brand of portland cement) 
The Cement Marketing 
Co., London, England 

Add: Melrose Park, IIL. 

Change to “Konkrete”’ 

Change to “Krete-Koater,”’ 
and add: Krete-Koater 
Service Co., Hillsboro, IIl.; 
Pit and Quarry, Aug. 1953, 
p. 177 

Harter Marblecrete Stone 
Co., Oklahoma City, Okla. 

Change data to: Mearl Mfg. 
Co., New York, N. Y.; 
Engineering News-Record, 
Apr. 30, 1953, p. 98 

Add: Rock Products, Sept. 
1953, p. 150 

Change to “Penn-Crete”’ and 
add: Pit and Quarry, July 
1953, p. 249 

Add: Columbus, Ohio; Rock 
Products, Sept. 1953, p. 
151 

Add: Pit and Quarry, Feb. 
1953, p. 131 


’ 


Porete 
Pumpcret 


Pumpcrete 


Resto-Crete 


Screwcrete 


Sealocrete 
Sparkle-Crete 


Spun-Crete 


Strata-Crete 
Strestcrete 


Telecrete 


Texcrete 


Transcrete 


Add: N. Arlington, N. J. 

Add: Concrete and Constr uc- 
tional Engineering, Aug. 
1953, p. Xxil 

Add: Engineering 
Record, Mar. 26, 
p. 54 

Add: Western Waterproofing 
Co., ... Civil Engineering, 
Apr. 1953, p. 125 

Add: Screwcrete piles, 
Braithwaite & Co., Ltd., 
London; Civil Engineering 
and Public Works Review, 
Dec. 1953, p. 1097 

Add: London 

Add: Pit and Quarry, Oct. 
1953, p. 161 

Add: (lighting standards)... 
Chicago; American City, 
Nov. 1953, p. 1134 

Add: Los Angeles, Calif. 

Add: Pit and Quarry, Mar. 
1953, p. 207 

Add: Telehoist Ltd., 

Cheltenham, Glos., England 

Add: Dallas, Texas, Rock 
Products, Apr. 1953, p. 
86; Corpus Christi, Texas, 
Rock Products, Mar. 1953, 
p. 62; Shreveport, La., 
Pit and Quarry, Nov. 1953, 
p. 192 

Add: Waterloo, Lowa 


News- 
1953, 


A READER 














Courtesy Universidad de Panama 


Crisp, sharply detailed, modern reinforced concrete buildings pI the spacious University 
of Panama campus, Panama City, Panama. Humanities build a and main auditorium in fore- 
ground, engineering building in background, library on hill. eneral all buildings are of 
beam and slab type construction and floors are ribbed slabs we. Bsc of the library which are 
solid. Lengthwise along the frames, columns are spaced at about 6.6 m except the end bays 
which are 9 m apart. Built 1950-1953, two teams of architects have participated: DeRoux, 
Bermudez & Mendez Guardia and DeRoux, Bermudez & Brenes. Alberto de St. Malo was 
structural engineer for most of the structures; engineers for other buildings includes V. N. Juliao, 
R. Lopez foods, Ireneo Kiamco. Contractors for various buildings: Constructora Tropical; 
Vallarino & Arias; Constructora America; Ingenieria Amado, SA; Bilonick & Cia.; Arango & 
Cia.; Constructora Interprovincial; Corp. de Ingenieria 


Notable Concrete Structures = Old and New 


Continued from p. 868 






Courtesy State of Israel 


Reinforced concrete headquarters building of the 
Israeli General Federation of Labor “‘Histadrut’’ in 
Tel-Aviv, Israel, features a vast expanse of sun shades 
along one side. Completed in 1953, the building 
has a reinforced concrete skeleton with screen walls 
of silicate brick. Contractor—Solel Boneh Ltd. 


898 





Courtesy Ammann & Whitney 


A billowing sail of concrete—Now under construction, auditorium for Massachusetts Institute 
of Technology, Cambridge, Mass., has a thin-shell domed roof in the shape of a spherical triangle 
resting on its three corners. Dome forms Y% of a sphere; radius is 112 ft 6 in. to bottom of shell. 
The three supports form an equilateral triangle with 156-ft sides. Shell is 3% in. generally in- 
creasing to 5 in. at edge beams. Edge beams are 10 in. wide and generally 20 in. deep in- 
creasing to 36 in. at supports. Architect—Eero Saarinen & Associates; associate architect 

Anderson & Beckwith. Structural cote =” + san & Whitney. Contractor—George A. 

uller Co. 


Unusual reinforced concrete fram- 
ing of the 100,000-seat stadium at 
Buenos Aires, Argentina. ag men 


Jose Aslan and Hector Ezcurra 





De soealll 
coee wee ee eee 


Courtesy Instituto Tecnico de la Construccion y del Cemento (Madrid 


A soaring canopy—Reinforced concrete shell roofs, in the shape of hyperboloids with hori- 
zontal axes, were employed in the Zarzuela racecourse stands in Madrid, Spain. The top roof, 
consisting of ‘seagull’ like forms made up of the half vaults and common line of intersection, has a 
free cantilever span of 12.8 m. The roof rests on columns at 5 m intervals and is connected to 
tie members in back of the columns. These ties serve as anchorage for the roof, the counterweight 
being the domed shell over the betting hall below the stands which extends in the opposite 
direction. Engineer—Eduardo Torroja. Architects—M. Dominguez and C. Arniches. Con- 
tractor—Agroman E.C.S.A. 
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Courtesy Associacao Brasileria de Cimento Portland (Sao Paulo) 





Courtesy Portland Cement Assn. 
900 


Courtesy Christiani & Nielsen (Copenhagen) 


Stadium in Rio de Janeiro, Brazil, 
built 1948-1950, for Prefeitura Muni- 
cipal, holds 200,000 spectators. Axes 
of the stadium are 300 m and 263 m. 
Overhang of cantilever is 30 m. Con- 
tractor—Conorcio Construtor do Es- 
tadio Municipal, a joint venture of 
Cavalcanti Junqueira SA, Christiani- 
Nielsen Engenheiros e Construtores SA, 
Companhia Construtora Nacional SA, 
Construtora Dourado SA, Empreza Con- 
strutora Humberto Menescal SA, Severo 
e Villares SA 


Ginasium Jundiai, State of Sao 

Paulo, Brazil, built 1953-1954, em- 

ploys a concrete shell with a diam- 

eter of 60 m. Architect—Escritorio 
Emilio Baumgart 


Saddle-shaped roof of Schwarz- 
waldhalle, Karlsruhe, Germany, is a 
hanging prestressed concrete shell 
5.8 cm thick, with ribs crossing at a 
right angle. Built in 1953, dome 
and continuous overhanging edge- 
beams used the Dyckerhoff & Wid- 
mann prestressing system. Architect 
—Schelling. Engineer—U. Finster- 
walder. Contractor—Dyckerhof & 
Widmann KG 


Long slender columns supporting the 
upper stands give a striking effect to 
Rice Institute Memorial Stadium, 
Houston, Texas. The 70,000-seat 
stadium was built in 1950. Archi- 
tects—Lloyd & Morgan and Milton 
McGinty. Structural engineer— 
Walter P. Moore. Contractor— 
Brown & Root, Inc. 





Current 


Reviews 


of Significant Contributions in Foreign and Domestic Publications 


Dams 


Blast-furnace slag cement plant at Cluanie Dam 
Engineering (London), V. 176, No. 4579, Oct. 30, 
1953, p. 557 
Reviewed by Aron L. Mirsky 

Brief description of on-site plant for grind- 
ing wet slag to produce slag cement by the 
Trief process. Its use is estimated to result 
in a saving of some 20,000 tons of portland 
cement; another advantage is that the heat 
produced is reduced. (A description of the 
project also appeared in the Engineer, May 
9, 1952, p. 647; see “Current 
ACI Journat, Jan. 1953, p. 498.) 


Reviews,” 


Special features of the Affric hydro-electric 
scheme (Scotland) 


Cyru M. Rorerts, Proceedings, Institution of Civil 
Engineers (London), Part I, V. 2, No. 5, Sept. 1953, 
pp. 520-555 

Reviewed by Aron L. Mirsky 


Describes the Fasnakyle high-pressure 
tunnel and the raising of a portion of Mullar- 
doch dam. Design height of portion of 
latter was reduced in 1950 to reduce cost, 
but restored in 1951. Problem then was to 
thicken the portion already constructed and 
add a new top section. Since bond between 
new and old concrete was uncertain due to 
differential contraction, method adopted was 
to place concrete for the thickening section 
in the form of a slab separated from the old 
portion by a slot. After most of shrinkage 
of new concrete had occurred (about five 
months), slot filled with ‘‘Colcrete’’ 
(American equivalent: Prepakt) to bond 


was 


Data on measure- 
ments on dam at various stages of work are 
included. 


old and new portions. 


Discussion of this and of a companion 
paper (“Scale Model Experiments on High- 
Head Siphons and Vortex Chambers Con- 
nected Thereto,”’ by Wilfred Eastwood, 
George A. Taylor, and Jack Allen, pp. 
556-584) is included on pp. 584-609 of the 
same issue. 


Hydroelectric plant and spillway construction 
(Usine—barrage de Seyssel) 


P. Garaspru, La Technique Moderne-Construction 
(Paris), V. 8, No. 9, Sept. 1953, pp. 279-287 
Reviewed by ALEXANDER M, TuRIrTzin 
Details construction of the Seyssel power 
plant and spillway on the Haut Rhone River. 
Construction of the foundations for the power 
plant and the spillways presented a difficult 
problem because of the alluvial nature of the 
river bed and the swift water current which 
led to scouring of the river bottom. Problem 
solved by erecting two pneumatic 
caissons spaced at 48 m, which were floated 
down and sunk at the location of the future 
spillway towers. They were further anchored 
to the river bed by excavating, under com- 
pressed air, the bottom of the 
chamber to a predetermined depth. 


was 


working 
To de- 
termine the stability of the caissons for the 
spillway and power plant, a model was built 
to a 1/20 scale and tested against overturning 
by simulating the force of the water current 


and the hydrostatic uplift. The results ob- 


*A part of copyrighted JouRNAL oF THE AMERICAN ConcrRETE INstTITUTE, V. 25, No. 10, June 1954, Proceedings 
V. 50. Address 18263 W. McNichols Rd., Detroit 19, Mich. Where the English title only is given in a review, 


the book or article reviewed is in English. 


If it is followed by a foreign title the work reviewed is in that language. 


In those cases where the foreign title cannot conveniently be set in type or is not available, the language of the 


origina] article is indicated in parenthesis following the English title. 


available through ACI. Available addresses of 


Copies of articles or books reviewed are not 


ublishers are listed in the June “Current Reviews” each year. 


In most cases ACI can furnish addresses of publications added later. 
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tained from the laboratory tests helped to 
check the design and determine the size, 
weight, and depth of anchorage of the caissons 
and foundations. Between these caissons, 
which acted as points of support, heavy 
horizontal steel girders were erected. They 
served both as guides and supports for a 
sheet-piling barricade against which tremie 
concrete was placed to form the foundation 
for the spillway structure. Since no diver- 
sionary canal was provided for the river flow, 
it was not possible to erect a solid barricade 
across the river. As the number of piles 
driven to the river bed increased, the velocity 
of the water rushing through the remaining 
openings also increased, thereby scouring the 
river bed at many undesirable locations. 
To avoid undermining foundations already 
built, steel barrels filled with lean concrete 
were dropped, thus forming a_ protective 
blanket over the river bed at many potentially 
dangerous points. Concrete used in the dam 
had a cement content of 350 kg per cu m. 


Design 


Most economical beam (in French) 
E. Movcenot, Travauz (Paris), V. 37, No. 
July 1953, pp. 339-347 

Reviewed by M. W. Jackson 


225, 


Article adds to information on beam 
economy by the same author in Travaux in 
1942 and 1950. Several cases of simple 
bending and combined bending for rein- 
forced concrete beams are considered. The 
price of steel and concrete are included in 
the calculations, and four pages of nomo- 
graphs summarize the results. 


Mechanics of materials 
Putuie G. Laurson and WitiiAM J. Cox, 3rd Edition, 
John Wiley & Sons, Inc., New York, N. Y., 1954, 414 
pp., $5.75 

Designed for use in standard courses of 
strength of materials, the first 14 chapters 
deal with principles and methods used in de- 
sign of ordinary structural and machine 
parts. Later chapters cover somewhat more 
specialized problems. Most important changes 
in this edition are the increased emphasis on 
the statics of stress determination, chapter 
on combined stress has been rearranged to 
give increased emphasis to Mohr’s circle, 
tables of structural shapes have been revised 
to conform to present standards, and allow- 
able stresses are based on latest specifications. 
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Natural frequency of certain vibration systems 
of interest to structural engineers (Eigenschwing- 
zahlen fuer einige, den Bavingenieur interes- 
sierende Schwingungssysteme) 


F. Bauer, Der Bauingenieur (Berlin), V. 28, No. 8, 
Aug. 1953, pp. 273-275 
Reviewed by Aron L. Mirsky 


Develops formulas for circular frequency 
w of springs arranged in various combinations 
with six degrees of freedom. 


Beam formulas 


A. KLEINLOGEL (translated, enlarged, and adapted by 
Harold G. Lorsch), Frederick Ungar Publishing Co., 
New York, N. Y., 1953, 144 pp., $5.50 


Contains more than 70 loading conditions 
for simply supported beams, each complete 
with load, shear, and moment diagrams. For 
the ten most important of these loading con- 
ditions, formulas are also given for beams 
fixed at both ends and beams with one fixed 
support and one simple support. Based on 
the seventh edition of Belastungsglieder, which 
contained only statical data (reactions, 
shears, moments) and end slopes, equations 
of the elastic curve (deflections) for all load- 
ing conditions were added for the American 
edition. Maximum deflections and deflec- 
tions at concentrated load points or at. mid- 
span were included in many cases. Most of 
the formulas are arranged in nondimensional 
form, i.e., the units of a particular quantity 
appear in a short fraction, which is then 
multiplied by a nondimensional expression. 
In addition, numerous tables are provided 
in which such nondimensional quantities are 
given numerically. 


Procedure for the design of continuous beams of 
reinforced concrete, taking into account the 
properties of the materials 


K. Jacer (translated by J. C. Van Tienhoven), 
Waterways Experiment Station Translation No. 53-54, 
June 1953, 27 pp. 
AppLiep MECHANICS Reviews 
Jan. 1954 
This paper deals with a more accurate 
determination of the bending moments in 
statically indeterminate reinforced concrete 
beams, taking into account the variable bend- 
ing stiffness resulting from the distribution 
Bending stiff- 
ness is defined by the support moment sus- 


of the steel reinforcement. 


tainable in each cross section. 
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Structural! design in reinforced concrete 


Currorp D. Wituiams and Cyaries E. Curts, 
Ronald Press Co., New York, N. Y., 1954, 308 pp., $6 


Textbook for basic 
concrete design. 


reinforced 
Each phase of design is 
approached from a fundamental viewpoint 
and systematically developed from basic 
concepts of the strength of materials. Em- 
phasis is on general principles of design, with- 
out detailed analyses of their application to 
more complex structures. Specifications 
and codes, including the ACI Building Code, 
are discussed and explained as related to 
design problems. A chapter on moment dis- 
tribution is included for those students not 
already familiar with the theory of statically 
indeterminate structures. 


course in 


Brief chapters in- 
troduce prestressed concrete and ultimate 
stress design. A section on design of circular 
tanks is included, as well as a brief chapter 
on construction methods. 


Time-saver standards: Structural forms—Thin 
shells of reinforced concrete 
Sermour Howarp, Architectural Record, V. 114, No. 
3-5, Sept. 1953, pp. 215-219; Oct. 1953, pp. 213-217; 
Nov. 1953, p. 225 
Reviewed by M. W. Jackson 
A continuation of series from earlier issues. 
Simple descriptions and diagrams of structural 
forms with no design data, but references are 
given which contain design data or engineer- 
ing information for each form. The follow- 
ing are considered: shells curved in two 
directions with centers of curvature on same 


side of the shell, polygonal domes, anti- 


clastic or saddle-shaped surfaces, hyperbolic 
paraboloids, 


conoids, umbrella form, and 
prismatic shells (also called flat plate, hipped 


plate, or tilted slab construction). 


Investigations on reduced models of reinforced 
concrete structures (in French) 
A. Vituarp, Bulletin Technique de la Suisse Romande, 
V. 79, No. 11-12, June 1953, pp. 266-271 
APPLIED MECHANICS REVIEWS 
Jan. 1954 (Michalos) 

Article discusses tests of small models of 
three reinforced-concrete structures, two of 
which are skewed bridge slabs and the other 
a shell roof. The bridge-slab models were 
constructed of pumice concrete, one to a 
scale of 1:20 and the other toa scale of 1: 16.5. 
Moment diagrams and influence lines are in- 
cluded for one of the bridge slabs. The shell- 
roof model was constructed of celluloid to a 
scale of 1: 25. 


lsodynamometer 

J. Wriaut, Engineering (London), V. 

Nov. 20, 1953, pp. 665-667 
Reviewed by Aron L. Mrirsky 


176, No. 4582, 


Presents 
Charlton’s 


theory and _ application’ of 
isodynamometer [ Originally 
“dynamometer; see also Civil Engineering 
and Public Works Review (London), Jan. 
1953, pp. 51-53 (Charlton), and Oct. 1953, 
pp. 938-942 (Wright)]. Action of instrument 
places it in same family as Beggs’ deformeter 
and Ruge and Schmidt’s moment indicator, 
although concept is.somewhat different. In 
brief, a celluloid model is loaded through a 
compensating balance, to nullify the effects 
of creep. The model is cut at the section of 
interest, and the isodynamometer mounted 
on the cut edges. The forces aplied through 
the instrument to return the cut edges to 
the parallel matching state are measured, 
and are a measure of the moment and thrust 
at the section. 

Instrument designed by author in aluminum 
and brass (total weight is less than % oz.) 
for use in the design office, was applied to a 
xylonite model of a simple portal frame. 
Discrepancies between measured and calcu- 
lated than 1 
percent, the discrepancy was 4.1 
percent. 


values were generally less 


greatest 


Theory and practice of structural design applied 
to reinforced concrete 

B: Errksen, Concrete Publications, 
England, 1953, 402 pp., $5.50 


Lid., 


London, 


information 
enable a student to progress from elementary 
statics to the analysis of highly-redundant 
indeterminate The principles 
demonstrated apply to all elastic materials 


Gives all the necessary to 


structures. 


and materials which for the purposes of de- 
sign are presumed to be elastic. The examples 
are directed mainly to reinforced concrete, and 
sufficient 
given to enable such structures to be de- 
signed. Various methods of analysis of static- 
ally indetermine structures are given. The 
method of fixed points, which allows a semi- 
graphical solution of sufficient accuracy for 
practical purposes to be obtained rapidly, is 
explained in detail for continuous beams and 
frames. There are many numerical examples 
and an appendix gives complete calculations 
for the analysis of a portal frame bridge with 
beams of varying depth and supported on 
pile foundations. 


theory of reinforced concrete is 
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Cross method (moment distribution) (La meth- 
ode de Cross) 


P. Cuaron, Editions Eyrolles, Paris, 1953, 303 pp. 
Reviewed by Paut RoGers 

An extensive presentation of the Hardy 
Cross moment distribution method, which 
introduces the basic development of this 
well-known method, and amplifies the original 
system by numerous later improvements, 
partly American and partly European in 
origin. 

The introduction explains notation and 
fundamentals such as rigid joints, fixed end 
moments, and sign convention. The first 
part covers analysis of rigid frames composed 
of members of constant moment of inertia. 
Mathematical formulas, such as those used in 
strength of materials, are used to explain the 
fundamental relationship between stress and 
strain. Development of fixed end moments 
is given for vertical loads, end rotations, 
and settlements of support. Carry-over 
factors and distribution factors are explained. 

The second chapter presents some basic 
Cross problems, such as simple frames with- 
out sidesway. Laterial displacement is then 
permitted which in case of multistory frames 
calls for solution of simultaneous equations. 


As usual in European practice, these equa- 
tions are solved by the matrix system (de- 


terminants). Several numerical examples are 
completely worked out with special emphasis 
on “short-cuts” in the case of symmetrical 
frames. Considerable space is devoted to 
gable frames with useful coefficients, in tabu- 
lated form, for unsymmetrical loadings. 
Rectangular and closed frames, including 
Vierendeel girders, are dealt with extensively 
with practical examples. Temperature varia- 
tion is also considered. 

Chapter III presents the so-called ‘Cross- 
Grinter-Zaytzeff” method which is quite 
advantageous for frames subject to horizontal 
forces such as wind. Chapter IV deals with 
the so-called ‘Cross-Kammuller” system. 
This is basically a variation of the slope- 
deflection method; it allows predetermined 
deflections to some parts of a frame and from 
this angle changes are obtained and fixed end 
moments established. This system is applica- 
ble to multiple frames with different heights. 

Chapter V_ presents the Cross-Cochi 
method. Similar to the method described in 
Chapter IV, this method also expresses the 
auxiliary unknowns in angles of rotation, but 
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permits a speedier convergence of the opera- 
tion. 

Subsequent chapters deal with influence 
lines, frames with variable moments of in- 
ertia, crane bents with stepped up columns, 
and frames composed of straight and curved 
members. The book is supplemented with 
completely worked out problems; it is concise 
and it probably will assist European engineers 
in adopting the moment distribution system. 


Symmetrical reinforcement for eccentrically 
loaded columns (in Dutch) 
F. G. M. Vo.ker, Polytechnisch Tijdschrift (The 
Hague), V. 8, No. 51-52, Dec. 22, 1953, pp. 895b-898b 
Reviewed by Joun B,. SNETHLAGE 
For columns, eccentrically loaded alter- 
natively at two sides, use of symmetrically 
placed reinforcement appears desirable. 
Author derives formulas, and on the basis 
thereof, graphs, from which the dimensions, 
including the amount of steel, for that type 
of column can be readily obtained. Dutch 
reinforced concrete building code require- 
ments (1950) are taken into account. 


Scale-model tests of flat slabs (Etudes sur 
modeles reduits de planchers-dalles) 


C, Bonvatetr and A. CakrroGiu, Supplement to the 
Annales de L’Institut Technique du Batiment et des 
Travaux Publics (Paris), July-Aug. 1953, Tests and 
Measures (X XVI) 
Reviewed by C. P. S1ess 
Studies of slab moments and column re- 
actions by tests on 1/40-scale models made 
of metal plates. Two specimens were tested, 
vach having an array of five nearly square 
panels two panels wide. In one case slab 
was supported on 18 columns, in the other 
the edges were simply supported and six 
columns were located along the long center 
line. The columns offered no restraints to 
the slab. Behavior of the plate was studied 
by brittle lacquer and subsequently with 
wire resistance strain gages; deflections were 
measured with dial indicators. Column 
reactions were measured with dynamo- 
meters. Uniform load was applied to the 
entire area or to selected panels by air 
pressure. Results are presented in detail 
and plate moments are compared with those 
computed by R. L’Hermite. Supplementary 
tests were made on simply-supported square 
plates with a single column welded to the 
plate and either fixed or simply supported at 
the base. The column diameter was varied 
in these tests. 
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Reinforced circular hole in a concrete slab 
R. Hicks, Engineering (London), V. 176, No. 4587, 


Dec. 25, 1953, pp. 808-809 
Reviewed by Aron L. Minsky 
Theory of elasticity yields stress compo- 
nents (radial, tangential, and shear stresses) 
in polar coordinates for a circular hole in a 
slab of infinite width under uniaxial stress. 
Consideration of these shows that 
concentration due to hole is purely local, 
hence solution is applicable to slab of finite 
width, provided width is several times larger 
than diameter of hole. Author also indicates 
that as area of steel reinforcement increases, 
maximum stress in slab first decreases to a 
minimum and then increases; minimum 
occurs when maximum tangential stress and 
maximum shear stress are equal. Reinforce- 
ment normally used in practice is less than 
that required for maximum stress in the slab 
to be reduced to the minimum, however. 


stress 


LCC building (constructional) by-laws 
The Reinforced Concrete Review (London), V. 3, No. 2, 
1953, pp. 113-119 

Reviewed by C, P. Siess 

Brief discussion of revised provisions in 
new: London “Building Code” which went 
into effect on Jan. 1, 1953. The following 
comments are quoted directly from the 
article reviewed: 

“The loads for which buildings are to be 
designed have generally been decreased and 
permissible working stresses increased.” 

“No bylaws have been made for prestressed 
concrete but its use is permitted subject to 
the approval of the Council.” 


Research on a small scale model in steel of a 
flat slab floor (Model van een paddestoelvioer) 


J.G. Haceman, Cement (Amsterdam), No. 3-4, 1953, 
pp. 49-54 
Reviewed by Joun W. T. Van Erp 

A description is given of a series of load 
and deflection tests on a steel model of a 
flat slab floor on a scale of about one-eighth 
full size. A uniformly distributed load by 
water in a tank of which the flat slab was 
the bottom (flexibly connected to the tank 
walls), or concentrated loads could be 
applied. 

Column capitals were of parabolic shape, 
this shape being selected as closely re- 
sembling most shapes used in actual practice 
and at the same time conforming to the flat 
slab equations derived by Dr. A. M. Haas 
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which were based on column capitals of a 
parabolic shape. 

Test results have confirmed the equations 
and are generally in good agreement with the 
ACI Building Code, except for negative 
column strip moments, which proved to be 
considerably higher than those in the ACI 
Code. 

Tests are, in the meantime, being continued 
for different types of loading for interior as 
well as exterior bays. 


Technical and regulatory standards (in Spanish) 
Revista del Colegio de Ingenieros de Venezuela (Cara- 
eas), No. 206, May 1953, pp. 9-17 
Reviewed by Josern J. WappDELL 
“La Revista’ commenced in the May 1953 
issue a permanent section for the publication 
and discussion of the technical standards, 
codes, and other regulations of the different 
official Venezuela having 
control and supervision of engineering works. 
Some of the standards to be published are 
tentative, and some are meant for use of 


organizations in 


engineers within certain organizations only. 

The May, June, and July issues contain 
the “Standards for Reinforced Concrete of 
the Administration of Municipal Works of 
the District Federal; Division of Construction 
Control.”’ These standards cover the design, 
materials, control, and testing of reinforced 
concrete. Use was made of publications of 
the ACI, ASCE, 1940 Joint Committee 
Report, and other foreign periodicals, and 
the ASTM standards in formulating the 
Venezuelan standards. 

Subsequent issues of “La Revista’’ contain 
articles covering other features of construction 
and engineering practice, such as sanitary 
codes for building construction. 


Materials 


Pozzolan as binder and aggregate (in German) 


FERNANDO Parisst and Hans Srravus, Schweizerische 


Bauzeitung (Zurich), V. 
pp. 422-425 


71, No. 29, July 18, 1953, 


Reviewed by M. W. Jackson 


Results of investigation extending over 15 
years on the use of lime pozzolan in mortars 
and concrete are reported. Diagrams show 
the compressive strength of different pozzo- 
lans as functions of lime content, pozzolanic 
additions, and time. Bibliography includes 
nine references, seven of which are in Italian. 
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Organization and manufacturing process of a 
lightweight concrete plant (Organisation d'une 
usine de beton leger et processus de fabrication) 


R. Le Lan, Revue des Materiaux de Construction 
(Paris), No. 457, Oct. 1953, pp. 289-294 
Reviewed by Puiturre L. MELVILLE 
. 
A new plant has been built in eastern 
France to manufacture high strength light- 
weight concrete. The raw materials are fly 
ash from nearby steam-power plants, quick 
lime, powdered aluminum, and _ certain 
activating agents. Ash and lime are ground 
together. The aluminum powder must have 
a given fineness and purety. All raw materials 
are stocked in a perfectly dry condition, and 
mixing water is added warm when all 
materials are well mixed. High-pressure 
steam curing is used. Block, joists, and 
slabs manufactured are similar to the Swedish 
“Durox” products. Twenty-four annotated 
references are addended. 


Concrete aggregates 
L. J. Murpock, The Reinforced Concrete Review (Lon- 
don), V. 3, No. 1, 1953, pp. 33-40 
Reviewed by C. P. Sress 

Discusses problems arising in the use of 
local aggregates that do not meet the British 
standards for gradation, and reviews studies 
of effect of aggregate gradation on work- 
ability and other properties of concrete. 


Electronic tester for concrete mix eliminates 
common inaccuracies 
Ivor B. N. Evans, Pit and Quarry, V. 46, No. 6, 
Dec. 1953, p. 158 
Reviewed by M. W. Jackson 

Describes electronic device for measuring 
the water-cement ratio in concrete. <A 
prodder partially immersed in the concrete 
mix and connected to a meter in a portable 
control box indicates the correct ratio within 
a minute. This instrument is a_ British 
development. 


Storage stability of Greek cements (Die Lager- 
fahigkeit der griechischen Zemente) 


B. PAPATHANASSOPOULOS, Zement-Kalk-Gips (Wies- 
baden), V. 6, No. 12, Dee. 1953, pp. 444-445 
Reviewed by H. H. Werner 


Cement produced for local use in Greece 
contains up to 20 percent Sanatorin earth, 
added when grinding the normal portland 
cement clinker. It was found that this 
“Greek trade cement” lost compressive and 
tensile strength to a greater extent than did 
pure portland cements when it was stored for 
several months. 
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Concrete and cement in sea water (Beton und 
Zement im Seewasser) 
A. Eckxsarptr and W. Kronsperin, Report No. 102, 
Deutscher Ausschuss fuer Stahlbeton. Published by 
Wilhelm Ernst and Sohn, Berlin, 1950 
Reviewed by Werner H. Gumpertz 
After having made long term experiments 
with concrete piles, docks, and shore pro- 
tection works along the German North Sea 
coast, the authors try to form some general 
rules for making durable concrete for use in 
sea water. In addition to references to 
specific local sources of aggregates, the 
following conclusions are drawn: (1) Poor 
gradation of aggregates taken from dunes, 
results in extremely poor concrete, especially 
if cast by the tremie method. Long air 
hardening of the cast concrete unit improves 
durability. (2) Dynamic loads on concrete 
units during placing require a rich strong 
mix, preferably air hardened for considerable 
periods. (3) Tremie concrete was prepared 
with an amount of water barely large enough 
to prevent dusting of the cement. This 
method, combined with a 1:3 relationship 
between cement and aggregate, is said to 
have produced excellent results. (4) Time 
of air drying and slight differences in water 
content can result in great differences in 
durability of concrete subject to influence 
of sea water. (5) Cements of low lime 
content are desirable in concrete subject to 
sea water influences. (6) Good workmanship 
is important. (7) Vibration would probably 
improve the quality of this type of concrete. 


Gradation in vibrated concrete (La granu- 
lometrie des betons vibres) 
H. Mancue, Revue des Materiauxr de Construction 
(Paris), Part 2, No. 452, May 1953, pp. 150-158; 
Part 3, No. 453, June 1953, pp. 187-193 
Reviewed by Partie L. MELVILLE 

In part 2 of the study, the amount of 
cement was continuously increased in the 
mortars. It was found that for a constant 
mortar-aggregate ratio the optimum compo- 
sition was always the same if properly 
vibrated. Concrete of such composition will 
require less sand than a skip gradation would 
indicate with the same coarse aggregate 
quantities. It was also verified that for the 
more rounded aggregates less sand was 
needed, and the more cement used, the less 
mortar required. In part 3 of the study it 
is concluded that the same concrete strengths 
can be obtained with or without skip 
gradation. 
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Tests of certain cements and cement blends 
regarding their suitability for concrete construc- 
tion 

Conference Committee on Concrete Tests, Engineer- 

ing Board of Review, City of Chicago, Ill., Report No. 

BR 163, June 1953, 41 pp. 

Tests were made to compare physical and 
chemical properties of concrete made with 
Type I and Type II portland cements with 
concrete made with fly ash and natural 
cement substituted for a portion of the 
portland cement. Methods of tests and re- 
sults are summarized and the extensive test 
data tabulated. Based on the results, recom- 
mendations are presented on types of port- 
land cement or blends to be used in construc- 
tion of roads, structures, and sewers and 
sewage treatment plants in the Chicago area. 


Investigation of reinforcing steel with elastic 
limit of 85 ksi, ‘Tor-60"" (in French) 


Y. Saruarp, Travaux (Paris), V. 37, No. 2 
1953, pp. 437-451 


27, Sept. 
Reviewed by M. W. Jackson 


For some years French construction has 
used a steel with an elastic limit of about 
60 ksi. Study has been undertaken of a 
steel, Tor-60, with a higher elastic limit 
and with a possible working stress of 50 to 
60 ksi. Stress-strain diagrams and mechanical 
properties are given for Tor-60 and compared 
with other steels. Tor-60 has about 0.20 
percent 0.40 percent 
1.4 percent manganese; there being some 
variation depending on source. 

With the great increase in working stress 
of the steel, bond and cracking increase in 
importance. Formulas are derived appli- 
sable for this particular steel. Various 
possible types of corrugations are reviewed. 
Experimental data is presented, and fatigue 
properties are discussed. A bibliography of 
22 references, of which two are in English 
and 20 in French or German is included. 


‘arbon, silicon, and 


Evaluation of comparative laboratory tests 
(Auswertung von l chamagietdeeined 


E. Spoun, Zement-Kalk-Gips (Wiesbaden), V. 
2, Feb. 1954, pp. 47-49 


7, No. 
AvuTHOR's SUMMARY 


Nine testing laboratories were checked by 
comparative tests during a period of five 
years; by these comparative tests exactness 
could be improved and the probable error in 
the obtained results could be reduced. The 
latter is still unsatisfactory, though, and 
a revision of testing methods is necessary if 
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accuracy in measuring the 
particular compressive strength 
proved. 


strengths—in 

is to be im- 
Such revision would be almost in- 
dispensable before raising of the standard 
minimum strength, which has been some- 
times discussed, can be taken into considera- 
tion. 


Temperature increase of a concrete mixture 
when using hot cement (Ueber die Tempera- 
turerhohung einer Betonmischung bei Verwend- 
ung von warmem Zement) 


K. Semr., Zement-Kalk-Gips (Wiesbaden), V. 
11, Nov. 1953, pp. 413-415 
Reviewed by H. H. Werner 


6, No. 


Cement, when used, may not have cooled 
to normal outside temperature because of 
lack of time or “self-insulation” in bulk stor- 
age. Temperature rise of a concrete mix 
due to hot cement is studied and it is shown 
to be small. A formula is given for the final 
temperature from the original temperatures 
and mixing ratios of the compounds. 


” 


Testing of masonry materials 
James A. Murray, Massachusetts Institute of Tech- 


nology, Cambridge, Mass., 1953, 112 pp. 
Laboratory manual designed for students 
in engineering and architecture who need 
experience in manipulation and testing of 
masonry materials but who do not necessarily 
intend to become skilled laboratory tech- 
nicians. The chapters cover materials’ spec- 
ifications and test methods (based on ASTM 
specifications) and design of concrete mixes. 
The latter chapter gives three methods: one 
ACI Committee 613’s ‘“Recom- 
mended Practice for the Design of Concrete 
Mixes”; 
modulus method. 


based on 


the b/b, method; and the fineness 


Pavements 


Structural effects of heavy-duty trailer on con- 
crete pavement 


Eart C. SuTHertanp and 
Special Report No. 14, 
1953, 32 pp. 


Harry D. 
Highway 


CASHELL, 
Research Board, 


AutTuors’ SUMMARY 


After completion of the controlled traffic 
tests and the scheduled strain and deflection 
studies for trucks scheduled on Road Test 
One-MD, a study of similar nature was made 
with a heavy-duty military tractor and semi- 
trailer combination that was designed for the 
special purpose of transporting heavy army 
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tanks over highways. There was a total of 
five axles in the tractor-trailed combination, 
the combined weight being 83,000 and 198,800 
Ib when unloaded and loaded, respectively. 
Axle weights varied from 13,250 to 23,000 lb 
for the unloaded condition and from 19,290 
to 46,720 lb for the loaded condition. 

Several series of tests were made in which 
the placement of the vehicle, with respect to 
the edges of the pavement, was varied. Data 
obtained in these tests indicated that: (1) 
the most critical stresses and deflections 
occurred when the vehicles were traveling 
near the outside edges of the pavement in 
the vicinity of the corners, (2) the critical 
stresses and deflections caused by the trailer 
in an unloaded condition were approximately 
the same as those for the 18,000-lb single axle 
truck and appreciably less than those caused 
by the 44,800-lb tandem axle, (3) the crit- 
ical stresses and deflections caused by the 
loaded trailer were appreciably greater than 
those caused by both the 18,000-lb single 
and the 44,800-lb tandem axle trucks, and (4) 
the critical stresses and deflections along the 
outside edges of pavement are reduced 
appreciably when the outside wheels of the 
vehicle are placed approximately 3 or 4 ft 
from the outside edge of the pavement. 


Latest methods of concrete pavement construc- 
tion, mainly with air-entraining admixtures 
(Neveste Methoden des Betonstrassenbaues, 
vor allem mit LP-Stoffen) 
H. von Evsner, Zement-Kalk-Gips (Wiesbaden), V. 6, 
No. 11, Nov. 1953, pp. 410-413 
Reviewed by H. H. Werner 
General description of air-entraining ad- 
mixtures; their composition, dosage, use, and 
action are given. Increased resistance to 
freezing and thawing is attributed mainly to 
splitting large pores and capillaries into small 
bubbles by the action of air-entraining agents. 
This reduces substantially the water content 
of the concrete, formation of ice crystals, 
and the internal pressure of ice crystalization. 


Precast concrete 


Precast warehouses go up fast and cheaply 

Henry T. Perez, Construction Methods and Equip- 

ment, V. 35, No. 9, Se i. 1953, pp. 104- 
Reviewed by M. 


. JACKSON 
Covers construction of three concrete 


warehouses, each 200 x 600 ft, at Great Lakes, 
Ill. Rigid frame bents extend the 200 ft 
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width of the building and are on 22'%-ft 
centers. Precast framing members are 
hollow, made by using embedded cardboard 
tubes or inflated rubber tubes that are 
extracted later from the set concrete. Pre- 
cast rigid frames support precast slabs for 
walls and roof construction. Precasting 
operations and procedure are described. 


Cantilevered eodencoagee cast stone steps 
(Freitragende Keilstufen-Betonwerksteintreppen) 
A. Verricer, Betonstein-Zeitung (Wiesbaden), V. 19, 


No. 9 and 10, Sept. and Oct. 1953, pp. 339 and 383 
Reviewed by Werner H. Gumpertz 
Extensive test loadings on cast stone steps 
have been carried out with a view towards 
standardizing their dimensions. It was 
found that the usual step could be up to 
3 ft 7 in. wide and could support a load of 
up to 512 psf, if fixed into a masonry wall 
for a length of not less than 6 in. and con- 
taining three bars of 5-mm diameter (two 
top, one bottom). In manufacturing, the 
use of wood forms is discouraged. Detailed 
instructions for casting are given, and water- 
spray curing is advocated. 


Firewall is precast and prestressed 


Engineering News-Record, V. 151, No. 25, 


Dec. 17, 
1953, pp. 33-34 


Reviewed by 8. J. CHAMBERLIN 
Precast concrete elements, 9 ft wide, 13 in. 
thick and either 20 or 24 ft high, make up 
300-ft diameter firewalls surrounding oil 
storage tanks. Slabs were set in a key in 
a foundation ring with the key kept smooth 
and lined with roofing paper to prevent 
binding during prestressing. Wire wrapping 
was done by a machine that traveled around 
the wall stressing the wire to 100,000 psi. 
Wire concentration varies from a maximum 
of 116 wires per vertical ft at the bottom to 
four strands per ft at the top of the wall 
and provides a maximum no-load compressive 
unit stress of 1070 psi in the concrete. 
stress wires are protected by 
coating. 


Pre- 
a_ shotcrete 


Reinforced concrete piles in 

Dutch) 

Jan H. Boscu, Jr., Polytechnisch Tijdschrift (Hague), 

V. 8, No. 27-28, July 7, 1953, pp. 466b-470b 
Reviewed by Joun B. SNETHLAGE 


sections (in 


Because long reinforced concrete piles are 
heavy and difficult to handle, while the same 
required length can be attained by building 
up the pile in sections, two systems of 
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sectional piles were developed and patented 
in Holland. The illustrated article describes 
in detail the two systems, called Duplex 
piles and Teuben piles. 

The Duplex system consists of two octangu- 
lar sections of which the bottom section is made 
in standard length (35 ft), while the upper 
section is made in varying lengths to suit 
the construction requirements. A_ rigid 
connection between the two sections. is 
effected by a cylindrical sleeve, integrally 
cast as part of the upper section, which 
slides with approximately % in. annular 
clearance over the cylindrical top of the 
lower section. The clearance space is filled 
with mortar previously placed as a pad of 
predetermined volume on the flat top of the 
lower section. The annular ring is calked 
at the bottom with rope, prior to further 
driving, while a small air vent is provided 
in the sleeve. Bearing figures are mentioned. 

In the Teuben system, developed by Shell 
Oil Co., square poles, are used; the top of 
the lower section consists of a heavy steel 
plate held in place with steel clips embedded 


in the concrete and provided with a hole 


in the center, while the bottom of the upper 


section consists of a similar steel plate, 
similarly attached, but with a steel pin which 
fits into the hole of the plate of the bottom 


section. 


Prestressed concrete 
Prestressed concrete in North Dakota 


Ropert W. RANDALL, Construction Bulletin, Nov. 5, 
1953, p. 52 
ARBA Tecunicat INFORMATION DiGEsT 
Dec. 1953 
Description of the first prestressed and pre- 
‘ast structure in North Dakota, a bridge 
consisting of four spans of 40 ft each, built 
by Cass County Highway Department. The 
bridge deck, composed of precast concrete 
units, has a 24-ft roadway. Seven longitudinal 
prestressed girders are spaced at 4-ft centers 
with 5-in. precast roadway slabs between 
them. Girders have a total depth of 22 in., 
flange width, 16 in., and web thickness, 5 in. 
They are post-tensioned with five cables con- 
sisting of a total of thirty-three 44-in. high 
tensile steel wires. After wires are pre- 
stressed, they are grouted throughout the 
length of the beam to give better load carry- 
ing ability and to prevent corrosion of the 
steel, 


Job specifications 
W. J. Jurxovicn, Proceedings Western Conference on 
Prestressed Concrete, University of California, Nov. 
1952, pp. 157-161 

Discussion is limited to certain phases of 
job specifications for post-tensioning pro- 
cedures in prestressed concrete construction. 
It is based upon studies and experiences of 
the Bridge Department of the California 
Division of Highways. 


Prestressed concrete simplified 
L. Corr, Architectural Forum, V. 99, No. 2, Aug. 
1953, pp. 142-144 
Reviewed by M. W. Jackson 
A brief summary of the advantages of 
prestressing and precasting. A method to 
difficulties of multistory 
which 


overcome 
stressing is 


pre- 


described uses precast 
forms and special block assembled into pre- 
stressed beams that are simply supported 
on lintels or main beams and serve as form- 
work for a The 
cast-in-place precast 


cast-in-place top slab. 
concrete binds the 

supporting 
single monolithic frame. 
Tests of this method are described. It is 
believed that spans greater than 30 ft will 
cost less in multistory buildings than 20 ft 
spans in conventional reinforced concrete. 


units, prestressing bars, and 


columns into a 


Whitleigh prestressed concrete footbridge 


Highways and Bridges, V. 20, No. 989, June 24, 1953, 


pp. 1-4 
JACKSON 


Reviewed by M. W. 

Abstracts from a paper prepared by mem- 
bers of the Plymouth City Engineers Staff 
for the 80th annual conference of the Insti- 
tute of Municipal Engineers are presented 
which describe a prestressed concrete post- 
tensioned through-type bridge, 10 ft clear 
width, 362-ft over-all span, and a 
four cantilevered and two suspended spans. 
Bridge was constructed by “direct labor,” 
this being about 65 percent of the lowest bid 
submitted. 

The bridge was fabricated from 650 separate 
precast concrete units weighing 200 to 2300 
lb each. One difficulty encountered was the 
need to work to small tolerances, = 1% in., 
in concrete cast in wood molds (steel molds 
not used because of prohibitive cost). <A 
large amount of work was involved in making 
and altering the molds to accommodate 
changes in section or detail of the units; of 
the 138 parapet beam units, there were 58 
differences in section ‘or detail, 


series of 
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Prestressed concrete design and construction 
F. Wau.ey, published for the Ministry of Works by 


H. M. Stationery Office, London, England, 1953, 279 
pp., 308 

Incorporates experience gained within 
Great Britain’s Ministry of Works in work 
with prestressed concrete. It sets out in a 
simple manner the principles upon which the 
design and manufacture of prestressed units 
are based. It describes methods for de- 
signing simply supported units employing 
both pre-tensioned and post-tensioned sys- 
tems and gives examples which use only a 
small number of easily understood symbols. 

In addition to simple design, it considers 
ultimate design and problems 
which arise when considering shear com- 
posite action, two-stage prestressing, circular 
tanks, and continuous structures. One sec- 
tion is devoted to materials and allowable 
stresses, another to fundamental principles 
underlying the losses of stress caused by 
creep, shrinkage, and other factors. Ex- 
perimental work on the testing of beams is 
described, and current methods of prestress- 
ing are discussed in sufficient detail for the 
designer or user to learn how prestressing is 
carried out in practice and how it affects 
design. 

Appendices are provided to enable de- 
signers to decide upon an approximate suit- 
able section as quickly as possible, since it 
has been found that this is the most time- 
consuming part of prestressed concrete de- 
sign work. 


discusses 


Elastic design of simple prestressed concrete 
eams 

James R. Lipsy, Proceedings Western Conference on 
Prestressed Concrete, University of California, Nov. 
1952, pp. 71-101 

—Discusses factors of design: (1) relation- 
ships for flexural stresses in simple _pre- 
stressed and (2) shear 
An example of design calculations 
for a prestressed concrete roof girder is given. 


concrete beams, 


stresses. 


Tensioning materials and anchorages used in 
prestressed concrete construction 
Curzon DosBe.., Proceedings Western Conference on 


Prestressed Concrete, University of California, Nov. 
4952, pp. 17-38 
Sins 


Reviews various materials and anchorages 
which have been developed to impart and 
sustain internal compression stresses in con- 


crete to offset normal tension 
veloped under design loading. 


stresses de- 
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International Federation of Prestressing 
Engineering (London), V. 176, No. 4577, 4579, Oct. 
16, 1953, p. 490; Oct. 30, 1953, p. 551 
Reviewed by Aron L. Mirsky 
Brief summaries of the reports of the three 
working sessions of the first international 
congress of the federation, held last October 
in London. “The Influence of Abnormal 
Temperatures,” by A. W. Hill; “The Ulti- 
mate-Load Design of Statically Determinate 
Beams and Slabs,” by G. Magnel; and 
“Statically Indeterminate Structures in the 
Elastic and Plastic States,” by Y. 
were included in the program. A_ news 
report of the congress appears on p. 500 of 
the Oct. 16 issue of Engineering. 


Guyon 


Prestressed concrete: Influence of steel quality 
on loss of stress caused by elastic and plastic 
deformation of concrete (Einfluss der Stahiguete 
auf den Spannungsverlust Durch die Elastische 
und Plastiche WVerformung des Betons bei 
Vorgespannten Stahlbetonteilen) 


Betonstein-Zeitung (Wiesbaden), V. 20, No. 1, 
1954, pp. 10-11 


Jan. 
Reviewed by WERNER H. Gumpertz 
A well-known loss of prestressing occurs 
because of plastic and elastic deformation of 
concrete. The author shows how this loss 
is increased by the use of lower strength steel, 
even though the loss of steel strength is com- 
pensated for by the use of a larger cross- 
sectional area. There is also a corresponding 
increase in prestress of the tension zone. 


Reservoirs of large capacity of post-tensioned 
prestressed concrete (in French) 


Marcet and Anpre ReimBert, Travaux (Paris), 
V. 37, No. 228, Oct. 1953, pp. 481-487 
Reviewed by M. W. Jackson 
A construction method for large-size con- 
crete reservoirs is described and illustrated. 
The base of the reservoir is a conventional 
circular slab of concrete, and the wall of the 
reservoir is polygon, each side of the polygon 
on the inside being bounded by a segment of 
a circle. The wall is thus composed of a 
series of hollow cells or corrugations of rein- 
forced concrete, which were cast using metal 
forms. Subsequently vertical and horizontal 
cables were applied for prestressing. Formu- 
las are given for stress in the corrugations. 
A comparison is made with a tank 120 ft 
in diameter and filled 26 ft deep with water. 
The conventional reinforced design required 
65 tons of mild steel; the prestressed design, 
24 tons of mild and hard steel in the base 
and walls. 
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Construction of eight prestressed concrete tanks 


A. Raymonp Mais and A, C. Lirrie, The Reinforced 
Concrete Review (London), V. 3, No. 2, 1953, pp. 79- 
112 


Reviewed by C. P. Sress 

Description of eight 430,000-gal. tanks 
having a diameter of 50 ft and a height of 
33 ft. Walls were prestressed both circum- 
ferentially and _ vertically. The 
floor was also prestressed. The Magnel- 
Blaton system of prestressing was used 
throughout. The dome roof was constructed 
with precast concrete channel units supported 
on rolled steel joists. Although the emphasis 
in this paper is on construction methods, 
some information is given regarding design 
features and stresses in the concrete and wire. 


concrete 


Some general considerations relative to pre- 

stressed concrete (in Spanish) 

Jose Sanapria, Revista del Colegio de Ingenieros de 

Venezuela (Caracas), No. 210, Sept. 1953, pp. 5-9 
Reviewed by Josern J. WADDELL 

Author mentions some European leaders in 
prestressing work and the two general 
methods of prestressing; that is, applying the 
tensile stress to the steel either before or after 
the concrete has set. He points out the 
danger of losing part of the prestress because 
of drying shrinkage, elastic deformation or 
plastic flow of the concrete, or deformation of 
the steel. These unfavorable influences must 
be kept at a minimum, and also considered in 
the calculations. 

Among the advantages of prestressed con- 
crete mentioned are smaller volume of con- 
crete required, therefore less dead weight; 
the possibility of using prefabricated mem- 
bers; relative freedom from cracks; and the 
greater ease of making thin T- or I-sections. 
Some structures made with prestressed con- 
crete are also described. 


Continuous prestressed concrete structural de- 
sign 
JEAN Mutuer, Proceedings Western Conference on 
Prestressed Concrete, University of California, Nov. 
1952, pp. 109-132 

First part of paper deals with general 
aspects of elastic design of prestressed con- 
tinuous structures. The example chosen for 
illustrating the methods explained in the 
first. part is a two-span continuous beam with 
over-all length of 200 ft. The existence of 
plastic deformations and some of their con- 
sequences on cracking and ultimate failure of 
continuous structures is then outlined. 


Tests of Tampa Bay Bridge girders 
Srerune L. Buaa, Proceedings Western Conference 
on Prestressed Concrete, University of California, Nov. 
1952, pp. 51-69 

Reports test results obtained for two full- 
scale prestressed concrete members tested to 
destruction. Tests were performed for 
purpose of verifying design of members and 
to establish a basis for acceptance of the 
2178 precast beams to be 
Tampa Bay Bridge. 


used in Lower 


Prestress both tilt-up walls and precast beams 


Engineering News-Record, V. 152, No. 4, 
1954, pp. 48-49 


Jan. 28, 


Reviewed by 8S. J. CHAMBERLIN 


Wall panels, 21 ft high, 24 ft wide, and 5 
in. thick, of 3500-psi concrete were cast flat 
on the floor. Cables, at 3-ft intervals at 
mid-depth, were post-tensioned to develop 
100 psi compression in the vertical direction 
and 75 psi laterally. Prestressing was chosen 
to reduce danger of cracking during erection 
and to minimize shrinkage cracks. Three of 
the nine post-tensioned roof beams are 65 
ft long, and channel-shape precast concrete 
deck units span 20 ft between beams. Mem- 
bers were connected by welding dowels or 
bars together and connections, recesses, and 
hardware were all grouted. 


Public works of reinforced concrete and pre- 
stressed concrete (in French) 


Henry Lossier, Le Genie Civil (Paris), V. 
22, Nov. 15, 1953, pp. 421-425 
Reviewed by M. W. Jackson 


130, No. 


Considers various uses and meanings of 
the term, “prestressed.” Prestressed con- 
crete probably dates from Doehring, 1888. 
Lundt and Koenen about 1907 con- 
sidered the subject. Emperger’s first tests 
in 1923 are mentioned, and Dischinger’s 
application to a bowstring truss bridge in 
1928 is described. Other more recent 
developments are reviewed and illustrated. 


also 


Specifications for prestressed concrete 
C. P. Siess, Proceedings Western Conference on Pre- 
stressed Concrete, University of California, Nov. 1952, 
pp. 133-142 

Outlines some of the many factors—in- 
cluding need, form, and scope—that must be 
considered in formulating a specification or 
recommended practice for prestressed con- 
crete. Progress in this direction in Europe 
and United States is summarized briefly. 
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Experimental study of continuous beams of 
prestressed concrete (in French) 

Y. Guyon, Travaux (Paris), V. 37, No. 222-225, 
Apr.-July 1953, pp. 245-254, 273-283, 329-336, and 


354-359 
Reviewed by M. W. Jackson 


This is a report of tests of four beams of 
rectangular section, approximately 5 x 10 in. 
in cross section, and 30 ft long. Each beam 
was prestressed by post-tensioning, with a 
cable of 12 wires 0.2 in. diameter. In the 
first two beams, the cable was placed in a 
flat parabola near the top of the beam; in 
the third, it was straight for the full length 
in the bottom; and in the fourth, it was a 
parabola, in the bottom at the ends and in 
the top at the center. 

The beams were tested to destruction with 
midpoint loading on two equal 13-ft spans. 
The first two installments give a detailed 
description of the tests, together with test 
data; the second two interpret the results. 


New fatigue test of a prestressed beam (Nouvel 
essai de fatigue d'une poutre en beton pre- 
contraint) 
Gustave MAGNEL, Science et Technique (Brussels), 
No. %, 1953 

Reviewed by CuHarues C. ZOLLMAN 

A sequel to the author’s previous paper 
“Fatigue Test of a Prestressed Beam,” 
Proceedings, International Prestressed Con- 
crete Congress, 1951, held at Ghent, Belgium. 
In his previous paper, the author investi- 
gated whether the safety of prestressed 
beams would be impaired if sandwich-end 
anchorages of 0.196-in. diameter smooth 
wires are removed after the prestressing 
units are grouted. From the tests he con- 
cluded that relying solely on bond in post- 
tensioning is sound procedure, provided 
dirt and grease are removed from the wire 
surfaces. 

In this latest test, Magnel uses a single 
cable unit of twenty-four 0.196-in. diameter 
deformed wires, placed in a narrow T-shaped 
beam approximately 35 ft long and 3 ft 
deep. Reasons for the test with deformed 
wires are to determine whether bond only 
can be relied on in post-tensioning, when 
such wires are used, even though deformed 
wires have a lower resistance in fatigue. 

Test procedure and results are given in 
great detail, both for the static and dynamic 
loadings, and results lead to the conclusion 
that the factor of safety against cracking 
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and failure is the same whether smooth or 
deformed wires are used. However, the 
author gives preference to the use of deformed 
wires, as in the field larger safety factors are 
obtained, and he leaves it up to the builder 
to determine when and where it is more 
economical. 


Properties of concrete 


Improvement of concrete strength by electro- 
osmosis 
A. Poaany, Civil Engineering and Public Works Review 
(London), V. 48, No. 568, Oct. 1953, pp. 931-932 
Reviewed by JAMEs MICHALOS 
Author discusses his patented electro- 
osmotic method for reducing the voids, and 
thus increasing the strength, of concrete. 
Claimed advantage over other methods of 
compaction is that this method can be used 
with the more easily placed mixes of high 
water content. 


Concrete testing by the rebound test method 
(Betonproefhamer metingen) 
R. A. J. Bosscuart, Cement (Amsterdam), No. 3-4, 
1953, p. 54 

Reviewed by Joun W. T. VAN Erp 

Conclusions are drawn from a series of 
nondestructive tests by the concrete test 
hammer in conjunction with conventional 
compressive tests on concrete of the same 
structure. The concrete of the prestressed 
structure was designed to attain a 28-day 
strength of about 5500 psi. From the re- 
bound value obtained in each hammer test 
the compressive strength of the concrete 
can be derived by means of a correlation 
chart. This correlation chart was established 
by a series of calibration tests on concrete of 
arious compositions and strengths. 

The author calls attention to the fact 
that during the hardening of concrete with 
age there is a distinct linear proportionality 
between these rebound values and the 
logarithm of time. This result has also been 
found by this reviewer in various series of 
tests with the concrete test hammer over 
periods of 14% years and more. The exact 
correlation between rebound values and 
compressive strength varies slightly for 
different types of aggregates, but can for 
practical purposes be taken as constant. 
Certain factors, however, have a direct in- 
fluence on this correlation, such as tempera- 
ture and moisture content of the concrete, 
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Relation between strength and hydration of 
hydraulic binders (Relation entre la resistance 
et I'hydratation des liants hydrauliques) 
M. Dzutynsky, Bulletin du Centre D'Etudes de Re- 
cherches et D' Essais Scientifiques (Brussels), V. 6, 1953, 
pp. 99-250 
Reviewed by Puiturp L. MELVILLE 

A thorough investigation of the relation 
between hydration and strength of cements. 
The forces were studied from the chemical and 
physiochemical points of views. Portland, 
blast-furnace, and high alumina cements, 
common in Belgium, were studied in neat 
cement paste under various curing conditions. 
Their reactions with mixing water were 
studied by dessication in a vacuum at variable 
temperatures. The data were correlated with 
compressive strengths of prisms. A second 
phase of the study covered mortars using the 
same portland and blast furnace cements and 
Rhine River and dune sands. The procedure 
was as used for neat cements. It was con- 
cluded that there is a mathematical relation 
between strength and the properties of the 
binder and aggregates written as R’ = R,'e*? 
(where R’, R,’ are compressive strengths, k : 
coefficient related only to the cement, and Y 
the concentration in cement). The nature 
of the cement being determined by R,’ and k, 
it appeared that, as stated by Feret, the 
strength of a resulting concrete was only 
function of y. Twenty-one references are 
listed. In a discussion of the thesis, Campus 
shows that the results verify those of Feret, 
Bolomey, Ros, and Cacquot and suggests that 
the results may also apply to flexural strength. 
Eleven additional references are appended. 


Elasticity and strength of concrete (Elasticiteit 
en structuur-sterkte van beton) 
R. A. J. Bosscuart, Cement (Amsterdam), No. 5-6 


amd 7-8, 1953, pp. 72-73 and 107-110 
Reviewed by Joun W. T. Van Exp 
Theoretical background of nondestructive 
testing by the rebound test method is in- 
vestigated. The rebound is primarily a 
measure of the modulus of elasticity of the 
concrete. It is theoretically shown that 
shock waves, their reflection and interference 
patterns, such as take place in rebound tests 
on any inhomogeneous material, create 
spots where stresses reach ultimate strength 
of the material. This is the fundamental 
cause of the correlation between rebound and 
ultimate strength. Results of extensive re- 
search with shock waves and failure of ma- 
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terial furnished the analogy by which this 
correlation is explained. Various rebound 
phenomena are then explained by the physics 
of impact and collision. Influence of the 
thickness of the tested material is analyzed 
indicating that there is a critical thickness 
below which rebound values quickly decrease 
and are no longer indicative of ultimate 
strength. 


Bond between cements and encased materials 
(in French) 


J. Farran, Le Genie Civil (Paris), V. 130, No. 18, 
Sept. 15, 1953, pp. 354-355 
Reviewed by M. W. Jackson 


Cohesion between cement and aggregate 
may be explained using several approaches: 
mechanical, chemical, and physical. These 
are discussed and related to other crystalline 
phenomena. 


Vibration testing of concrete 


G. Dawance, A. Buanc, and G. Cuerpevi.ie, Bulle- 
tin of the Union of Testing and Research Laboratories 
for Materials and Structures, RILEM (Paris), No. 15, 
Aug. 1953 


Reviewed by Joun W. T. VAN Erp 
Nondestructive test methods for evaluat- 
ing the quality of concrete by measuring the 
speed of propagation of sound waves are 
described. Part 1 describes the measuring 
apparatus, measuring techniques, and ana- 


lyzes possible cases of wave propagation. 
Part 2 describes the various methods and their 
practical application. 


Results are compared 
with conventional compressive testing. 


Structures 
Lift slabs of lightweight block 


Architectural Forum, V. 99, No. 3, Sept. 1953, pp. 
164-165 


Going up: A whole floor takes to the air in 
Peoria, with a capacity load, at that— 
Pit and Quarry, V. 46, No. 4, Oct. 1953, pp. 164-166, 
26 Reviewed by M. W. Jackson 
Both articles describe the same structure, 
a Youtz-Slick lift-slab project for a 
story school in Peoria, Ill. The slabs were 
made of lightweight concrete block laid side 
by side to form the grid of a waffle. Block 
delivered cost $0.40 per sq ft of floor area; 
the completed lift slab cost $2.00 per sq ft. 
When finished the underside of the slabs was 
spray painted, with the block forming an 
acoustic ceiling. 


two- 
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New port buildings at Algiers (in French) 
Jean Gasriet, Travaur (Paris), V. 37, No. 224, 
June 1953, pp. 311-318 
Reviewed by M. W. Jackson 
Describes construction of new port facilities 
of reinforced and prestressed concrete, with 
numerous photographs of construction. The 
principal building consists of a reinforced 
concrete frame with precast prestressed 
“joists” about 3 ft deep. The joists carry 
small precast elements which are _post- 
tensioned in place. 


Trend of development in the design and equip- 
ment of underground railways 
frosvedings.. Institution of Civil Engineers (London), 
art II, V. 2, No. 3, Oct. 1953, pp. 605-655 (including 
discussion) — 
Reviewed by 
Part 1—A review of some existing systems 
Dovetas H. Coomns, pp. 605-626 
Part 2—Signalling 
Georrrey J. WILLSON, pp. 627 


Aron L. Mirsky 


641 


An interesting article on a rather specialized 
subject. The first part, a survey of current 
practice in 12 cities with subway systems, 
covers topics ranging from passenger inter- 
change with bus lines to de-icing methods. 


Use of concrete in dike construction (in Dutch) 


A. N. Dexxer, Cement (Amsterdam), No. 7-8, 1953, 
pp. 91-101 
Reviewed by Joun W 


. T. Van Erp 

Precast concrete elements, as well as cast- 
in-place concrete, in the construction of sea- 
walls and dikes are discussed. The newest 
applications such as caissons, revetments, 
stabilization mats, and other precast elements 
for the repair of damages in the 1953 flood 
disaster in the Netherlands are described. 
Details of construction, transportation, and 
final placement are given. 


East Coast sea defence works 


Engineer (London), V. 196, No. 5106-5108, Dec. 4, 
1953, pp. 742-746; Dec. 11, 1953, pp. 758-761; Dec. 
18, 1953, pp. 794-796 

Reviewed by 


Aron L. Mirsky 


Describes construction to make good the 
damage caused by the storm and tidal surge 


of the night of Jan. 31, 1953. There is con- 
siderable variety: stepped concrete walls with 
parapets, bull-nosed wave walls, embank- 
ments faced with precast block, permeable 
revetments, groins, etc. Additional photo- 
graphs and descriptive material were in- 
cluded in the Jan. 1, 1954, Engineer (V. 197, 
No. 5110, pp. 2-4). 
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Prefabricated and prestressed multistory con- 
crete building in Helsinki (De forspaendte 
konstruktioner i den nye universitetsbygning i 
Helsingfors) 
U. Varso, W. Joenson, E. Katuauae, and Cur. 
OsTENFELD, Ingenioren (Copenhagen), V. 62, No. 
42, Oct. 17, 1953, pp. 754-760 

Reviewed by Rotr B. Beck 

Describes a multistory building constructed 
of prefabricated units, which are prestressed 
and stressed together to form a rigid building 
frame. 

The units used were:  Cast-in-place 
columns; prefabricated and_post-tensioned 
girders, spanning 40 ft 8 in. and cantilevered 
3 ft beyond the columns. These were 
stressed to the columns by cables anchored 
in the columns, thus forming a rigid frame of 
columns and girders. The beams were pre- 
fabricated and fixed to the girders by pre- 
stressing cables placed in the girders and 
anchored in the beams, thus forming longi- 
tudinal stiffening and support for the facades. 
Floor joists were prefabricated and _pre- 
stressed. 

The design was chosen to avoid interior 
columns to achieve flexibility in the floor 
plan both at the present and in the future, 
and to shorten construction time. 


Continuous pour builds concrete bleach plant 


Construction Methods and Equipment, V. 35, No. 11, 
Nov. 1953, pp. 92-99 


Reviewed by M. W. Jackson 


Concrete bleach plant 59 x 107 ft, was 
placed for 77 ft of its height using sliding 
forms and screw jacks. At the same time 
eight interior columns, nine interior circular 
towers, 14 ft in diameter, and an elevator 
shaft was placed by the same method. At 
the 77-ft level, continuous operation stopped 
and the building walls continued for another 
25 ft by conventional reinforced concrete 
framing. 


Reinforced concrete building (La maison en 
beton arme) 
V. Eroscrucut, Edition Dunod, Paris, 1954, 96 pp. 


Reviewed by ALeExANDER M. TurRITzIN 

A French translation of the original Italian 
publication “La Casa in Cemento Armato.” 
Subject of the book is a typical design of an 
apartment house, three stories high, 12 m 
wide and 29.20 m long, with all the working 
drawings necessary to build the structure. 
This is not a textbook on the theory of 
design of reinforced concrete structures, but 
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rather a practical step-by-step analysis of 
the design of every major member of the 
skeleton of the apartment house. No deri- 
vations of design formulas are given. For 
derivations, the reader is referred to a 
standard textbook on reinforced concrete 
design by the famous Italian engineer Louis 
Santarella. All throughout the book, the 
editor gives numerous annotations with 
reference to the French code on the design 
and construction of reinforced concrete 
structures wherever it differs from a cor- 
responding Italian code. 

This book is an excellent illustration of 
the method of continental design of slabs, 
beams, girders, stairs, columns, and footings. 
It also shows how working drawings should 
be presented in connection with details of 
reinforcing bars. It is interesting to note 
that whenever it is possible the bending 
moments in continuous beams are determined 
by the use of moment coefficients. In other 
instances, they are obtained by the use of 
the three moment equations. Location of 
the points of maximum moments are found 
by a graphical method. Bending moments 
in the columns are determined by taking 
into account relative stiffnesses of the mem- 
bers adjoining the columns. The top sur- 
faces of footings are sloped, and compression 
reinforcement is used throughout. 

The book is clearly written, with numerous 
explanatory notes, sketches, and diagrams. 
It can well serve as a guide for design of a 
reinforced concrete building, and as such, 
prove a valuable addition to the library of 
a practical engineer. 


Objective: Bomb resistance 
Engineering News-Record, VY. 151, No. 27, Dee. 31, 
1953, pp. 33-34 
Reviewed by 8. J. CHAMBERLIN 
A new windowless building at the Walter 
Reed Army Medical Center massive 
reinforced concrete structure extending five 
stories above ground and three below. 
Openings for access, utilities, and ventilation 
ducts are protected by “blast” doors. Rein- 
forced concrete exterior walls (16-in. foun- 
dation and 12 in. above grade) and rein- 
forced interior walls, braced by a concrete 
beam-and-slab floor system, are designed to 
resist large lateral forces due to both positive 
and negative pressures. Walls were cast in 
place with exterior surfaces panelized by 
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1%-in. V-joints. A textured surface was 
obtained by lining forms with slash-grain 
boards which varied in both thickness and 
width and were dressed on the edges only. 
The boards were set horizontally in one panel 
and vertically in the next. The 6)4-sack 
mixture for structural concrete contained 
290 lb of water per cu yd with a 34-in. maxi- 
mum size aggregate and an air-entraining 
agent. The $5,000,000 contract averages 
$18.00 per sq ft of floor area and $1.95 per 
cu ft, exclusive of elevators. 


Parabolic silo 
A, GopEentr, The Reinforced Concrete Review (London), 
V. 3, No. 1, 1953, pp. 1-18 
Reviewed by C. P. Stress 

Description of construction of a 
parabolic three-hinged reinforced concrete 
arch roof for a grain silo. The height was 
102 ft, the rise 51 ft, and the length of the 
silo 510 ft. The arch is externally ribbed 
and was cast in 17 sections, each 30 ft long, 
using two sets of movable internal forms. 
The external handled by an 
arch-shaped “outside traveller.” 


large 
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Use of electrical resistance strain gages on 
concrete structures 
J.C. Lucas and R,. Newsnam, Engineering (London), 


V. 176, No. 4577, Oct. 16, 1953, pp. 487-488 
Reviewed by Aron L. Mirsky 

An important report on methods of water- 
proofing gages for application to surface of 
concrete members or to steel wires or bars 
embedded in Although 
materials used are of British manufacture, 
American will find this 
valuable. 

In brief, the concrete surface is ground and 
sanded; free alkali is then neutralized chemi- 
cally, the surface dried, and hot “Araldite” 
resin adhesive applied ‘to fill any voids. After 
24 hr, the foil strain gage (see “Current 
Reviews,” ACI Journa., Dec. 1952, p. 347) 
is applied with Araldite; after a further 24 
hr, additional Araldite is applied to the gage 
and lead wires as waterproofing. 

In attaching the foil gages to 0.276-in. 
diameter prestressing wires, they are first 
preformed by molding them around rods of 
0.2-in diameter, heating to 60 C, and cooling 
while still formed to the rod. When removed 
and applied to the 0.276-in. wires, the gages 
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have a natural curl sufficient to hold them 
in place during the curing of the Araldite 
adhesive. They are then covered with 
Araldite (the leads are doubled back over 
the gages and embedded in this layer of 
resin, to prevent their being pulled out). The 
gages are then covered with Di-Jell and 
finally with oiled silk to prevent mechanical 
damage. Excellent results are reported. 
Investigations leading to the above methods 
are summarized. 


Present trends in reinforced concrete in Sweden 
oo | ian actuelles du beton arme en 


Hsatmar GRANHOLM, Bulletin du Centre D’ Etudes de 
Recherches et D’Essais Scientifiques (Brussels), V. 6, 
1953, pp. 251-285 
Reviewed by Puiture L. MELVILLE 
Concrete technology has progressed in 
Sweden especially along four lines. First, 
there has been the development of lightweight 
foamed concretes called “Ytong”’ or “Si- 
porex” which are used largely in roofing. 
Second, construction with reinforced concrete 
bricks is described. Third, loading tests of 
concrete slabs are described. This test was 
made for airport runway construction on soft 
subgrades. An analytical solution is given to 
explain the test data on the rupture of the 
concrete. Finally, the author reports in de- 
tail on the new deformed steel bars known in 
Sweden as “Kam.” The trend seems to 
follow American development of ASTM.-A 305 
specifications. Numerous tests on bond and 
slip are reported. Beam tests showed the 
superiority of the new reinforcing steel. 


Wood forms and wire ties—V. 1—The forming 
of foundations, columns, and beams (in French) 
> Kuper, Editions Eyrolles, Paris, 1953, 140 pp., 980 


A well-illustrated book depicting European 
practice in constructing and bracing wood 
forms for foundations, columns, and beams. 
For each case, a number of examples of con- 
struction of panels, placement of walers, and 
bracing systems are given. Methods of 
forming, clamping, and bracing forms for 
rectangular, circular, and polygonal columns 
and their junctures with connecting beams 
and slabs are described and discussed in 
considerable detail. For the forming of 
beams, emphasis is on shoring and bracing 
of the forms for dimensional stability. 
Special cases of haunched beams and sloping 
beams for roof support are included. 
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Air placement cuts column concreting costs 
Construction Methods and Equipment, V. 35, No. 12, 


Dec. 1953, pp. 59-61 
Reviewed by M. W. Jackson 
In encasing steel columns at the Atomic 
Energy Commission plant near Paducah, 
Ky., concrete was pumped into prefabricated 
forms through a 2-in. hose. Construction 
procedure is described. Columns were filled 
to a height of 28 ft above the ground floor 
in one operation. There was no honey- 
combing, and vibration was unnecessary. 
It was estimated that 20 percent in dollar 
costs were saved for labor ordinarily involved 
in extra handling, casting, patching, rubbing, 
and cleanup for conventional 
methods. 


concreting 


Engineering contracts and specifications 
Rosert W. Assert, 3rd Edition, John Wiley & Sons, 


Ine., New York, N. Y., 1954, 430 pp., $6 

Describes fundamentals of preparing con- 
tracts and specifications and outlines appli- 
cable principles of law pertinent to engineer- 
ing and construction. This edition has been 
revised and expanded to include new material 
on engineering and construction law, cost- 
plus-fixed-fee contracts, construction insur- 
ance, bonding practice, contracts for archi- 
tectural and engineering services, and specifi- 
cation writing. 


Lightweight floor slabs (Leichttraegerdecken) 
Betonstein-Zeitung (Wiesbaden), V. 20, No. 1, Jan. 


1954, pp. 18-20 
Reviewed by Werner H. Gumpertz 

A number of German floor systems are 
discussed, all consisting of steel joists bridged 
by precast hollow concrete units. No forms 
are required, since only the space around the 
joists has to be cast in place. Spans are from 
2 ft to 3 ft:3 in.; thickness of slab, depending 
on the system used, varied from 7 to 10 in. 


Modern methods of wall construction 
(Neuzeitliche Wandbavarten) 


Watrter, Die Bauzeitung (Stuttgart), V. 58, No. 8, 
Aug. 1953, pp. 270-272 
Reviewed by Aron L. Mirsky 
Descriptions, aimed at the architect rather 
than the engineer, of various new wall types 
in masonry and concrete. Improvement in 
construction techniques is touched on rather 
lightly, although the article includes a photo- 
graph of “mixed” hollow-block masonry ‘as 
it should not be.” 
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Dec. 1954 
Meyer, Richard C.—Development of a cell for 
the installation of electrical resistance strain 
gages in concrete (50-7) Oct. 1953. ; 
Milbradt, K. P.—Strap steel for prestressed 
concrete structures (50-22) Jan. 1954. 
Minimum spacing asa function of bond 
and shear strength (50-51) Phil M. Ferguson, 
Robert D. Turpin, and J. Neils Thompson 
June 1954 
-Dise. K. ye gy ik 
Authors Part 2, Dec. 1954 
Minimum standard requirements for p 
cast concrete floor units (ACI 711-53) ($0. 1) 
ACI Committee 711 Sept. 1953. 
Mirsky, Aron L.—Disc. Dev elopment of a cell 
for the installation of electrical resistance 
—_ gages in concrete (50-7) Part 2, Dec. 


floors 


responsibility (50-37) 


A, Willson, and 


—(50-6) Oct. 1953 
~Air-entrained concrete—Void-spacing 
(50-46) May 1954 
—Hot weather enced Pa (LR 50-7) Nov. 1953... 
—Perlite insulating concrete (50-50) June 1954... 
—Vacuum concrete (50-42) Apr. 1954 
— | ay (LR 50-16) Cecil M. Shilstone Mar. 


Moho Cc. F.—Disc. 
Part 2, Dec. 1954 
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Moisture 

~—Adjustment in mix design (50-6) Oct. 1953..... 
-Effect on strength—Cellular concretes (50-48b) 
June 1954 

Moliotis, Panos D.—Disc. Selection and design 
of prestressed concrete beam sections (50-11) 
Re | RE FE eee eae 

Morris, M. D.—Pier 57 concreted through ee 
winter (50-15) Dec. 1953 

Moulton, Lyle K. —Disc. Development of a 
cell for the installation of electrical resistance 
strain gages in concrete (50-7) Part 2, Dec. 
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Moulton, W. E.—Disc. Proposed recommended 
practice for selecting proportions for concrete 
(50-6) Part 2, Dec. 1954 

Murray, L. T.—Disc. Correlation between labo- 
ratory accelerated freezing and thawing and 
weathering at Treat Island, Maine (50-9) Part 
2, Dec. 1954 . a ne 17 


National Assn. of Cement Users (ACI) 
—Building code history (50-26) Feb. 1954 
—History (50-25) Feb. 1954. 
Nature of bond in pre-tensioned prestressed 
concrete (50-44) Jack R. Janney May 1954. 
-Dise. P. W. Abeles, K. Hajnal-Konyi, N. W. 
Hanson, and Author Part 2, Dec. 1954... 7 
Nervi, Pier Luigi—Exhibition hall, Turin, 
Apr. 1954.... 
Neutron shielding. —Concrete (50-2) Sept. 1953. 
Notable concrete structures—Old and new 
Feb. 
—Feb. 
Feb. 
Feb. 
Mar. 


tut 
Italy 


ee 
—Mar. 1954... 
-Apr. 1954.. 
. 1954 
Se 
7 1954.. 
1954. ; 


Nuclear radiation 
Shielding—Concrete (50-2) Sept. 1953 
—(50-3) Sept. 


Types (50-2) Sept. 1953 


Office building 
Army Finance Center Feb. 1954 ie a 
Johannesburg, South Africa Apr. 1954.... 
-Precast prestressed elements Mar. 1954.. 

—Rio de Janeiro, Brazil Apr. 1954. 
-Tel-Aviv, Israel June 1954 

O’ Heir, Richard J.—Relation of shrinkage to 
moisture ‘content in concrete block (50-12) 
Nov. 1953 

130-ft span hangar in -gupeancgl concrete (50- 
30) Otto Safir Mar. 1954. j 


P 


Pan construction—Corrugated box forms (50- 
21) Jan. 


Pesthenea— -Replica —Nashville, T enn. 


"” Apr. 


Durability (50-20) Jan. 1954. . 
~Installation of strain gages (50-7) Oct. 1953... 
Peckworth, Howard F.—Fifty years in the 
technical dev: elopment of concrete pipe (50-29) 


Penzien, Joseph—Static and dynamic elastic 
—— of reinforced concrete beams (50-32) 


Perlite ecbihies concrete (50-50) J. John 
Brouk June 1954 
J. O. Chertkof and Author Part 2, Dec. 


Perret, Auguste 3 
~Apartment building, Paris, France June 1954.. 





INDEX—Proceedings 


-Church of Notre Dame, 
Mar. 1954 
~Garage, Paris, France June 1954. 

Peterson, J. . —History and development of 
precast concrete in the United States (50-27) 
Feb. 1954 

Pfannkuche, H. C.—Corrugated box forms for 
concrete ribbed-slab construction (50-21) Jan. 


Le Raincy, France 


,» Orley O.—Practical aspects of plant 
uced prestressed concrete (50-45) May 


—Cherbourg, France May 1954 
meg ontinuous girder bridge (LR 50-1) 
Sept. 53 
New You Harbor Pier 57 May 1954 
Pier 57 concreted through the winter (50-15) 
M. D. Morris Dec. 1953 
Pier foundations—Buoyant—Tappan Zee 
Bridge, New York May 1954. 
Pipe—History (50-29) Feb. 1954, 
Pipe lining (LR 50-14) J. J. Closner Mar. 1954... 
Pipe systems—Control of surging (50-33) Mar. 


Pipeway stanchions — Precast — Lightweight 
concrete (LR 50-20) June 1954 

Plant—Pre-tensioned prestressed units (50- 45) 
May 1954 

Plastic flow— Beams—Sustained overload (50-4) 
Sept. 

Pneumatically placed mortar—Pipe 
(LR 50-14) Mar. 1954 

Power plant—-Underground 
Feb. 1954. 

Powers, T. C.—Void spacing as a basis for pro- 
ducing air-entrained concrete (50-46) May 1954 

Pozzolans—In autoclaved cellular concretes 
(50-48a) May 1954 
(50-48b) June 1954. 

Practical aspects of ‘plant produced P' 
stressed concrete (50-45) Orley O. Phillips 
May 1954. . 

Prager, William—Limit analysis ‘and design 
(50-17) Dec. 1953. eae 

Precast concrete 
Hangar (50-30) Mar. 1954 
~History (50-28) Feb. 1954 
—History in United States (50-27) Feb. 1954. 
~-Lightweight—Pipeway stanchions (LR 50- 20) 
June 1954 

—Minimum bar 
une 1954 
ipe—History (50-29) Feb. 1954 

—Ransome system (50-27) Feb. 1954.......... 

—Street markers (LR 50-8) Nov. 

—Thin-shell (LR 50-13) Mar. 1954. 

—Unit (Conzelman) system (50-27) Feb. 1954 ees 

Precast floor units 

—-ACI standard 711-53 (50-1) Sept. 1953 
—Assembled concrete block (50-1) veya! 1953 
—Hollow core (50-1) Sept. 1953.... 

-I-beam (50- 1) Sept. 1953. 

- — precast slab and T- -joist ‘(50- 1) Sept. 
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lining 


-British C olumbia 


spacing— Bond tests (50-51) 


-Inverted T-beam joist with precast filler block 
(50-1) Sept. 

—Ribbed slab (50-1) Sept. 1953........ 

President’s Siiestaotitesy L. Kennedy (50- 
35) Apr. 1954 

Prestress transfer bond—Pre-tensioned beams 
(50-44) May 1954 

Prestressed beams 

—Design (50-5) Sept. 1953 

~—Flexural strength (50-49) June 1954... 
~Sections—Design (50-11) Nov. 1953. 
Strap steel (50-22) Jan. 1954 

Prestressed concrete 
~Continuous members—Design (50-41) Apr. 
~Design assumptions (50-19) Dec. 1953. 
—Influence of creep (50-24) Jan. 1954 
-—Influence of shrinkage (50-24) Jan. 1954 

—Job costs (50-45) May 1954 

~Lightweight beams (50-34) Mar. 1954 
—Pre-tensioned—Bond (50-44) May 1954. 

ieee units— Manufacture (50- 45) May 


precast construction—History 
(50. 27) Feb. Mosd 


Prestressed slab 
—Cracking load (50-19) Dec. 
—Tests (50-19) Dec. 1953 
Prestressing—Influence of concrete prope rties 
(50-24) Jan. 1954 
Prestressing steel—Strap steel (50-22) "Jan. 
Properties of concrete and their influence on 
prestress design (50-24) Raymond E. Davis 
and G. E. Troxell Jan. 1954 
Proportioning 
—Cellular concretes (50-48a) May 1954 
~—Perlite insulating concrete (50-50) June 1954. . 
—Vacuum concrete (50-42) Apr. 
Proportioning concrete mixes (50-6) Oct. 1953 
Proposed recommended practice for select- 
ing proportions for concrete (50-6) ACI 
Committee 613 Oct. 1953..... 
-Disce. C. W. Britzius, E. L. Howard, G. W. 
Greene, G. E. Leavitt, W. E. Moulton, Harry 
E. Thomas, and Committee Part 2, Dec. 
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Quarrying—Crushed stone (50-47) May 1954... 
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Radiation shielding—Concrete 
—(ay WOE, BOGS. occ cdccsves 
—(50-3) Sept. 
Radioisotope techniques in concrete research 
(LR 50-9) 
-S. J. Goldstein and F 
—Bryant Mather, E. de Haas, and C. 
June 1954 
Railroad station—Termini station, Rome Mar. 


. W. Kittrell Jan. 1954... 
H. Scholer 


Rapid design of continuous prestressed 
members (50-41) E. I. Fiesenheiser Apr. 1954.. 

Rational analysis of a concrete beam with 
longitudinal holes (LR 50-12) Jack Moyse 
Mar. 1954 

Reid, Harold B., Jr. Fifty years of develop- 
ment in building code requirements for rein- 
forced concrete (50-26) Feb. 1954 

Reinforced concrete bridge economy 
50-19) Ned L. Ashton May 1954 

Reinforcement 

-Bar spacing—Bond and shear strength (50-51) 
June 1954 

—Column ties (LR 50-15) Mar. 1954... 

-—Slabs—Corrugated steel serves as form (50- 43) 
May 1954 : 

Reinforcing bars—Cross- sectional drawings - 
Spacing (LR 50-3) Sept. 1953. 

Relation of ae to moisture content 
in concrete block (50-12) George L. Kalousek, 
Richard J. O'Heir,. Kenneth L. Ziems, and 
Edwin L. Saxer Nov. 1953 ins Renn a 

Research 

~Concrete—Corps ef 
os 
-U. S. Bureau of Reclamation (50-38) Apr. 1954. 
-U se of radioisotopes (LR 50-9) Jan. 1954 
—June 1954 , 

Revesz, Stephen—Disc. Flexural strength of 
prestressed concrete beams (50-49) 
Dec. 195 ye 

Ribbed-slabs—Corrugated box (50-21) 
Jan. 1954 

Rigid frame bridge—C ost (LR 50-19) May 1954 

Rogers, Grover L.—Validity of certain assump- 
tions in the cot hanics of enenNe concrete 
(50-19) Dec. iP 

Roof—Perlite insulating concrete (50-50) 
1954 


Engineers (50-39) Apr. 


forms 
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Rust—Prestressing wire—Effect on bond (50-44) 
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School buildings 
-Victoria College, Cairo, Egypt Apr. 1954 
—University of Panama June 1954 
Scordelis, A. C.—Selection and design of pre- 
1983. concrete beam sections (50-11) Nov. 
9 


adeation of construction materials (50-37) 
J. F. Jelley Apr. 1954 

Selection.and design of prestressed concrete 
beam sections (50-11) T. Y. Lin and A. C. 
Scordelis Nov. 1953 

-Dise. Panos D. Moliotis Part 2, Dec. 1954. 

Setting and hardening time—High-alumina 
ange ences resistance method (50-14) 
Nov. 

Shale 

“aenares cellular concretes (50-48a) May 


—(50-48b) June 1954 
-—Expanded—Lightweight prestressed 


Shearing forces—Dams—Design criteria (50- 
40) Apr. 1954 

Shearing strength of reinforced concrete 
column footings (50-10) Eivind eee 
Nov. 1953 

Shell structure 

~Airport terminal, St. Louis June 1954 “en 
~—Alabama Livestock Colosseum Mar. 1954 
~—Auditorium— Massachusetts Institute of Tech- 
nology June 1954 Y 
-Bom Successo market, Oporto, Portugal Apr. 


—Bus station, Bogata, Columbia Feb. 256... 

~Church—Brazil—Oscar Niemeyer Apr. 1954. 

—Denver Municipal Coliseum Apr. 1954 
~Domed arches—Buenos Aires Mar. 1954. 
-Exhibition hall, Turin, Italy—Pier Luigi Nervi 
Apr. 1954. 

~Gymnasium, Sao Paulo, Brazil June 1954. 

~Hangar, Orly, France June 1954 

—Hayden planetarium, New York Feb. 1954.. 
—Hershey sports arena Feb. 1954. 

—Octagonal domes—Leipzig, Germany Apr. 1954 
~Prestressed—Cafe, Hannover Feb. 1954. 
—Prestressed—Karlsruhe, Germany June 1954. 
-Racetrack stands—Madrid, cappella 
June 1954 

— factory—Brynmawr, South W ales Feb. 
~San Cristobal market, Buenos Aires Feb. 1954. . 

Ship 


~—Concrete—Dry cargo—U. S. Maritime Com- 
mission May 1954 . 

~—Concrete barge—U. S. Navy May 1954 

~—Concrete LCT—U. S. Navy May 1954... : 

~Concrete oil barge—U. S. Maritime Commis- 
sion May 1954 

— sailing ketch—Pier Luigi Nervi May 

~—Concrete tanker—Germany May 1954. 

Shrinkage 

~Autoclaved block (50-23) Jan. ‘1954 

~Cellular concretes (50-48b) June 1954 

—Concrete block (50-12) Nov. 1953 

“—eeenee on prestressed concrete (50- 24) Jan. 

—— aggregate—Wear resistance of floors 

50-18) Dec. 1953. 

Silt pressure—Dams—Design | criteria (50- 40) 
Apr. 1954 

Simmons, W. P., Jr.—Control of surging in 
gag pipe distribution systems (50-33) Mar. 


Simpler oun ties (LR 50-15) Gunnar Beeth 
Mar. 19. 

Slab 

—Building code history (50-26) Feb. 1954. 
— form and reinforcement (50- 43) May 
—Continuous—Moments (50-43) May 1954 
—Design (LR 50-2) Sept. 1953 
—Floor—Comparative costs (50-43) May 1954. 
—Prestressed—Tests (50-19) Dec. 1953 

ie - wh epegaiixyeeepmen rigidity (50-13) Nov. 
bi aygeneerpnen box forms (50-21) Jan. 


Slab-on-ground—Ribbed—Corrugated box 
forms (50-21) Jan. 1954 

Slag aggregate—Wear resistance of floors (50- 
Be POG BOO is ec ns eas 

Slump for on types of construction (50- 
6) Oct. 1953 

Smith, G. M.—Failure of concrete under com- 
bined tensile and compressive stresses (50-8) 
| ae 5 akin Sse ee wD 

Specifications 
Air-entrained > dpe Slice eta factor 
(50-46) May 1954. ie ifor 
Precast floor units (50- 1) Sept. 1953.. 

Specimen size and apparent compressive 
strength (LR 50-18) Hubert Rusch May 1954. 

Splices—Lap—Bond strength (50-51) June 1954 

oe due to bond stress (50-51) June 1954. 
Spring steel—Prestressing (50- 22) Jan. 1954 

4 strain — allation in concrete (50- 
jf” 3 | ee : 

Stadium 
Buenos Aires, Argentina June 1954 
Racetrack, Madrid, Spain—Torroja June 1954. 
Rice Institute, Houston; Texas June 1954. 

Rio de Janeiro, Brazil June 1954..... 

Static and dynamic elastic behavior ‘of rein- 
forced concrete beams (50-32) "ral Pen- 
zien and Robert J. Hansen Mar. 1954 ; ' 

Steam curing 
~High- ae —Cellular concretes ypieies 
May 19 
—Low- el ellular concretes (50-48) 

May 1954 
Winter concreting (50-15) Dec. 1953... P 

Steam generator—Winter concreting (50-15) 
Dec. 1953. ee - 

Stirrup design ( 1 50-10) L. S. Muller and M. 
Tokoz Jan. 1954 

Stirrups 
Effect on bond strength (50-51) June 1954.... 
Effect on shear strength (50-51) June 1954.... 

Story of progress—Fifty years of the Ameri- 
can Concrete Institute (50-25) William A. 
Maples and Robert E. Wilde Feb. 1954 

Strain gages—lInstallation in concrete (50- 7) 
Oct. 1953 

Strap steel for prestressed concrete struc- 
tures (50-22) K. P. Milbradt Jan. 1954 

Street markers (LR 50-8) Fred F. Van Atta 
A SSE Ses ae 

Strength 
Beams—Sustained overload (50-4) Sept. 1953. 

—Cellular concretes (50-48b) June 1954. 
-Compressive—Effect of specimen size (LR 50- 
18) May 1954... . ‘ 
—Concrete block mixes (50- 23) Jan. 1954... ; 
~—Effect of vacuum processing (50-42) Apr. 1954.. 

—Factors influencing (50-16) Dec. 1953 
~Flexural—Prestressed beams (50- 49) June 


Strength-cement ratio—Evaluating 1 mixes (50- 
16) Dec. 1953 : 
Stresses 
~Combined tensile and compressive (50-8) Oct. 
1953 ; 
~Shearing—Column footings (50-10) Nov. 1953.. 
Studies on the cementitious phases of auto- 
claved concrete products made of different 
raw materials (50-23) George L. Kalousek 
Jan. 1954 
Sturgis, S. D., Jr.—Use of concrete by the Corps 
of Engineers (50- 39) Apr. 1954 
—~ ontrol in pipe systems (50-33) Mar. 


a: « tabard —Sewage treatment 
19. 

Tensile behavior of concrete in reinforced 
concrete (LR 50-5) Frank A. Blakey Sept. 
1953 


Terrell, P. W.—Control of surging in concrete 
pipe distribution systems (50-33) Mar. 1954.... 
Tests 
—Beams—Dynamic loading (50-32) Mar. 1954.. 
—Bond—Eccentric pull-out (50-51) June 1954... 
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mag oy tensile and compressive stress ‘ore 
t 

~—Freezing and thawing (50-9) Oct. 1953. 

—Proportioning concrete mixes (50-6) Oct. 1953. 
Thermal conductivity 

~Cellular concretes (50-48b) June 1954. 

—Perlite concrete (50-50) June 1954 

Thermal expansion—Mortars and aggregates 
(50-9) Oct. 

Thin-shell precast concrete (LR 50- 13) 5; x 
Polivka Mar. 1954... 

Thomas, Harry E.—Disc. Proposed recom- 
mended practice for selecting proportions for 
concrete (50-6) Part 2, Dec. 1954 

Thompson, J. Neils—Minimum bar spacing < as 
a function of bond and shear strength (50-51) 
June 1954 

Ties—Column (LR 50-15) Mar. 1954. . 

Tilt-up construction—History (50-27) 
1954. 

Torsional rigidity of rectangular slabs (50- 
13) Kurt H. Gerstle and Ray W. Clough Nov. 
1953. 

Traffic interchange ~ 
thruway Feb. 1954..... 

Traprock aggregate—Wear resistance of floors 
(50-18) ps 1953. 

Troxell, G. E.—Pr roperties of concrete and their 
influence on prestress design (50-24) Jan. 1954. 

a on power plant Feb. 1954. 

Turpin, Robert D.— Minimum bar spacing as a 
function of bond and shear strength (50-51) 
June 1954 ye Sl 


Feb. 


Ultimate load design 
Nov. 2963......... 
Unit water content law—Mix design (LR 50- 

16) Mar. 1954.... 
Uplift forces —~Dams—De sign criteria (50-40) 
Apr. 1954. 
U. S. Bureau of Reclamation 
Dams—Design criteria (50-40) Apr. 1954 
Use of concrete (50-38) Apr. 1954... . ; 
Use of concrete by the Corps of Engineers 
(50-39) S. D. Sturgis, Jr. Apr. 1954. 
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Mix design 


-Load factors (LR 50-6) 


Vacuum concrete (50-42) 
195 

Validity of certain assumptions in the me- 
chanics of prestressed concrete (50-19) 
Grover L. Rogers Dec. 1953 
Disc. Y. Guyon, Franco Levi, G. 
and Author Part 2, Dec. 1954. 

Valore, Rudolph C., Jr. 
-Cellular concretes (50-48a) Part 1—Composi- 
tion and methods of preparation May 1954 ¢ 
~Cellular concretes (50-48b) Part 2—Physical 
properties June 1954 
Vibrated concrete (LR 50- vd J. M. Plow man 
Mar. 1954 

Void vs Air-entrained concrete 
May 1954.... 

Void spacing as a basis for producing air- 
entrained concrete (50-46) T. C. Powers May 
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Waddell, J. J.—Factors infiue ncing the strength 
of concrete as revealed by a six-year record of 
concrete control (50-16) Dec. 1953 ‘ 

Walker, Stanton—Disc. Correlation between 
laboratory accelerated freezing and thawing 
and weathering at Treat Island, Maine (50-9) 
Part 2, Dec. 1954 

Warehouse 
—Bombay, India Mar. 1954 
~Johannesburg, South Africa Mar. 1954 
Precast units—U. S. Navy Mar. 1954.... : 

~Prestressed domes—Le Havre, France Mar. 

-Effect of sustained overload on 
the strength ‘and plastic flow of reinforced con 
crete beams (50-4) Sept. 1953...... r cage 

Water-cement ratio 
Effect on concrete strength (50-16) Dec. 1953 
Effect of vacuum processing (50-42) Apr. 1954 

-—For different types of structures and degrees of 
exposure (50-6) Oct. 1953 paewe ; toe 

Water content—Concrete at time of hardening 
—Estimating (50-31) Mar. 1954. 

Water eae -Mix design (50-6) Oct. 
PETS 

Waters, E. H. Disc. Determination of setting 
and hardening time of high-alumina cements 
by electrical -* eee techniques (50-14) 

Part 2, Dec. 195 256-1 

Weather cycle fect on concrete stre ngth ‘(50- 

16) Dec. 1953. ~» see 

Weathering Correlated with laboratory freez- 
ing and thawing (50-9) Oct. 1953. re 141 

Wilde, Robert E.—Story of progress Fifty 
years of the American Concrete Institute (50- 

25) Feb. 1954 : 409 

Willis, T. F.—Disc. Correlation between labo 
ratory accelerated freezing and thawing and 
weathering at Treat Island, Maine (50-9) Part 
> 3 eee ..172-1 

Willson, C. A.—Disc. Minimum bar spacing a 
a function of bond and shear strength (50-51) 
Part 2, Dec. 1954. 

Winter concreting -New York Pier 57 (50. 15) 
Dec. 1953. 3 281 
ire — Prestressing - ‘Bond in pre tensioned 
beams (50-44) May 1954.. 17 

Wolkodoff, V. E.—Disc. Void spacing as a basis 
for producing air-entrained concrete (50-46) 

Part 2, Dec. 1954 .. 760-1 

Workability—Effect of vac uum processing (50- 
42) Apr. 1954 

Worley, Herbert E.. -Development ‘of a cell for 
the installation of electrical See strain 
gages in concrete (50-7) Oct. 1953..... ee 
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X-ray shielding—Concrete (50-3) Sept. 1953. 
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Ziems, Kenneth L.—Relation of shrinkage to 
moisture content in concrete block (50-12) Nov. 
1953 i ; 
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1954 News Letter pte 
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joints (Problems & Practices) May 1954 News 
Letter 


Causeway—Port Isabel—Padre Island road 1954 
News Letter 


Cement-making mceapangaiell _- lees — Feb. 
1954 News Letter. : 


Clean-up methods — Construction joints 
(Problems & Practices) May 1954 News Letter 
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Letter 
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1954 News Letter 
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1954 News Letter 
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Feb. 1954 News Letter. ‘ 
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~Thawing Feb. 1954 News Letter 
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Letter 
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Precast curtain walls Nov. 1953 News Letter. 


Precast piling — Causeway May 1954 News 
Letter. 


Precast sandwich wall ‘coeamens Nov. 1953 News 
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Problems and Practices 

Bonding new concrete to old—Construction 
joints May 1954 News Letter...... 
Frozen concrete Feb. 1954 News Letter. 
Sidewalk construction Jan. 1954 News Letter 
Use of wire mesh in slabs 

Mar., 1954 News Letter. 

June i954 News Letter... 


Reinforcing mesh 
Slabs (Problems & Practices) Mar. 1954 News 
Letter 
Slabs on ground- Residential (Problems & 
Practices) June 1954 News Letter........ ; 


Residential construction — Slabs on ground 
(Problems & Practices) June 1954 News Letter 


Sandwich wall panels—Precast Nov. 1953 
News Letter 


Sidewalk construction aioe & Practices) 
Jan. 1954 News Letter va 


Slabs 
Lift-slab Sept. 1953 News Letter 
Reinforcing mesh (Problems & Practices) “Mar. 
1954 News Letter baa mae & ales ‘ 


Slabs on ground—Residential (Problems & 
Practices) June 1954 News Letter ea 
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1954 News Letter.... a, Pe 
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Letter . 
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